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Abstract 

Livestock heat and moisture production data are 
fundamental to the design of environmental control systems 
for total confinement housing operations. Under Canadian 
winter ventilating conditions, the amount of ambient water 
is critical. The moisture produced within the barn must be 
vented to the outside to maintain a comfortable growing 
environment for the animals. Design data used in Canada for 
heat and moisture output of various classes of swine are 
based on a limited number of U.S. studies conducted some 
years ago under conditions of housing and management that 
differ from those practiced in Alberta today. These data 
need to be re-assessed and reliable values established under 
prevailing commercial conditions. The primary objective of 
this study was to pete nie the heat and moisture loads in 
swine feeder barns under Alberta conditions. 

With the co-operation of four commercial swine 
producers operating in central Alberta, a complete heat and 
moisture balance was carried out on each of two 
slatted-floored, and two solid-floored feeder barns. Using a 
data recording system developed by the Department of 
Agricultural Engineering, University of Alberta, each of the 
four barns was instrumented to record ambient and outside 
environmental conditions, ventilation rates, and other 
physical parameters relevant to a heat and moisture balance. 
The unknown total heat load of the pigs was derived by 


balancing the measured physical heat and moisture components 
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of the barn. The moisture removed from a barn through the 
ventilation system was considered to be sum of the moisture 
produced by the pigs and by evaporation from wet surfaces 
within the barn. 

The barn moisture loads were found to be 50 to 104 
grams per pig hour, with a higher moisture production rate 
occurring in the solid-floored barns than in the 
slatted-floored barns. The total heat production ranged from 
417 to 843 kJ per pig hour, being highest in the 
solid-floored barns. Total heat production attributed to the 
pigs was generally higher than the literature predicted. 

The ratio of latent heat to total heat produced in all 
four barns was relatively constant at about 30 percent. 
Total heat output fluctuated widely, this fluctuation 
appearing to be due to changes in the level of pig activity 
in the barns. Excessive ventilation rates were a common 
problem, while three barns were operated at a relatively low 
pressure differential. Management practices appeared to play 
a significant role in determining heat and moisture loads in 


swine feeder barns. 


eggs ‘ann e9 rast ees ao daauinlae te “ein a is 


ant 
i 
> 


7, 


ee roast: an ae mont my haa sets eh tap ba ant ie 
ova ; ‘7 ; 7 we 


i 


pa Ret. at Geiia ed nee. ‘eouey a buty ROTO), saad «ill 
feo watt ig Gri aee | ey, ah \ eq 


Aes a> i 
ay Lae 


op ' v) ee A 5 ; 


i 


; ants eee ae Tha 
50d 0 mark? Bane) hehe ae haw, te el aga 


i ; wi i 4 wo iA | : iu i . : t i 
Th TERS (Heh DoLit } buen ML eae wpe 


yor’s eg i ali gtk alin 44 age "Te rweidrod Pyoee! 4 
at) ef) tee Papeete ae eAgT | . ‘he JT aR hs ny? 
Ort Gree Sha Peree yr! eet a ee ee 
\ bias i A pa ; P yr 
ie ne BIE en el aban ey Ue an wry ; 4 i arin’) t Pit yee") - " Pot he | ay ¢ 


eerie Fa ag PY a? ates ieee gel rua 
i qe 
me ie 

‘ae 


norhPewsiow:? 24 Sy RE) a. icine ae 


iid 


> de alte 


“ 


a 
<— 
ca) 
ez 
oy 
» 
ax 
t~ 
ae 
Mc. 
~ 
é 

t 

7 
~~ 
i 
i 

rs 


. Ne, now sce gee" oD yy Geet Seago ary be “j 
A nl HY, ¥ h ayy r 64 et i i So a on hé*y 2) 7 lee rol gs 50 Ma GiatG int: Hiriwe Ss it 


ey Mee it Stitgenia BOS? Fivicng Sreeupenets, ini: ogy Vip am 4 
See Le | ; : j Pei 


Sy tienot aiuiather Gre’ ison pihiee. a slam inka hee 
: - @ + av | 
Agi renael’ atau Gy 


} 
hy 


Acknow ledgments 
The author would like to acknowledge the financial support 
for this project of the Alberta Agricultural Research Trust 
and the Alberta Pork Producers Marketing Board. The 
co-operation of the four pig producers, Neil Fulks, Angus 
McDonnell, Marcel Kerchoff, and Ron Southoff, also is 
gratefully acknowledged. The guidance of Professor Brian 
McQuitty is much appreciated, as is the assistance of John 
Feddes, Dale Travis, and numerous others. Special thanks 
goes to my family who showed remarkable tolerance and 


understanding throughout the length of my program. 


Vi 


i a ee Ay 
oy SC n i Seam 
) Ww ' 
oh bh ok 
AL ‘ 
: ’ : be a 
\ 
ip 


Uh acpi 
oe. he | 
6 na ytoane’s 
a 


. 


een. ee aA! 


ee Sry F). @rt3 


nok: or me 
p rsyi/ 4 He ‘g OFS Aug? (57 Lie Tee 7 
pe 7 k ; 
res eT pee. rater fears 


anise! arin ‘od + al ene ‘id we 2 
ae Ay fool osc ni “ 


eka ae? “gett oct 


a. mo aye by siercsgs | unthenbery - ‘ 
ge aN hat ogni 4g) Wg | 
ges % b 1 rire } ia } ia a 
had emits karla’ AE Safe opel hb 


ert Bi la 


thy a r 


“otha 


Table of Contents 


Chapter Page 
ELEM OCII CU} OF is Ge Rec ag ae Ey Carers LO min 18. Suna erga aa Oe 1 
Aree eeoid LURCARCVILEW! |. 57s 4neiute arden daa tlcet, vs tuthincesiae. alreren ie hence. 2) 
Cee S LOM TCA) HUVENVTEWE ifn: oes pita enn at ene em teem 2) 
Ze eee SHEA = Dal aniCee sir ane eaer My Shean. eco neeee mano ern 6 

2.3 The Sensible Heat Balance and Summer 
VEM CNT a CPOE FORD ew FcR, OPER WH alneun tal Sl elena epee 8 
2.4 The Latent Heat Balance and Winter Ventilation rg 
2.5 The Balance of Sensible and Latent Heat ......... 10 
Ole ekeat ProductTonuor they rl Cimercm er mee 11 
2 Sele MEDERMOPeQUILatLOn Of fhe. ein ese sen ee V2 
Ze OOM OeNS iO le? tovia ten teitied te omit: te va ac ee ace 15 
207 a Ne LANE UENCE OT ch lOOr wy Voew spec aracete 60 Li 
Zoom Node bs OT CONE I NeEMenl Hous ENGu seein es ns ie eee ens 18 
2.) Existing Problems in Confinement Housing ........ 20 
SRO ECT VES NO say eile ee eR mete cctuaane tins eee een ley Os Ok ar came 22 
a5 te xperamenta) -Eaci. ities sand Procedures’. wicca. cme. 23 
21s hoe tre Sr Ceres Le c= Te Ee ome ih Nn a eet e acoL La ep A edn are 23 
Ae Bapns: S CUT CCl cevae menace ean mee ee eee eee are ene 23 
Ae 22 ALANS ERUMEN.L Gd OMee ae tircaa, ere anne eda eeen 31 
LUGE CADE: Veer. re N ao argh ote meh ape es RP SrA ne yr cr on 2 ee a Sea Ce 41 
Dem eRES URLS - ani LiliS CUS StKON. minspi eo thomea man ener ome re ms coy alee eea beers 43 
belie Pheshea te Ba amet wre ats a ceunett oe reve th eke Ucar ees pak 43 
5.2 Sensible and Latent Heat Load Comparisons ....... oy) 
bess “the Effectiveness of Ventilation. reese ee 67 
CONC TUS TOM Sh bikaisais bos Ble ce Rares Sain SF oe in Sone ae Pere eae Anata tee tiolca Pei 1s. 


Vii 


7 if ie gun x afl - ih ia oe 
it) 7 # ‘ ay, rl 1G J + 
| ie io : ve i, : j a : at , : : 
AS / a * 
A i vm“ : ‘ | 4 hi eke 
ij 7 
re / - 9 y: 
- 5 i " , : ' ke 
Fo asi ale ark Chiao daw Nad RES eR non 
re ee ae eer 


a A 


L 
es | 


let ihe ls Cae ee ADEA a rt 
apa GE Tae aw” | ae 


bits wt ee 2 . ee } > ab I ; ie 
anne? bog soadmee Test. Bi ine. er) o) 
Y. i } 


} » : f 
{ Ls 4 a hi? a pi: is & 5 
Nu ad ae 94% P 1 arate . “Fy, eyes i Goo ie oe: 1 e *y ‘we 


. ' iret | | OV Hae wh | 
SS7UNHeO} Dis eas Ti fot atradi 9nd 
| anti! tog 
ee wes ' ; ae pie vag wal nN 


; : i AF he a. sient aha re hs My 


ie, rey » OTE. € 4 eheeé ae re we . « 4 rio tmaticie ity t shi 97 Niaalh" 
} a i : | 


vine if eR ie ~» °¢ » . - tet Fase yet 
i ne Arc. bak! Saet Tels). ome eyhelt ange, 
: 

er Dp past ae? 3 eat" 


; oe oe 
Vat be - 


- 1 i 


at hall ; a 


: be 


pie 
V4 _ 


Recommendations 


Bibliography 


Appendi x 
Append i x 
Append i x 
Append i x 
Append i x 
Appendi x 
Append i x 


A 
B 
C 
D 


xf itd SCE a CIM re cat's Soa aidhy SO eta ce SD 
Peer dicate! nore Rae erence Reece EMRE RE MY OAT aie coe as tc A Pee 16 
Data Prepapratslon Giri Mereckbe. istic. tse. She heart 84 
Diaiice Aa GaiSulie acy eu hea ive te canta Psa ein a: Aue 85 
Daria ‘SCmmeanye «Reis Steen Cees oes ae aa ue 96 
Mean@Temperaturesbatay.. eee 245 0a ee 101 
Conductiverieat suass yWala ay wane ae ne 108 
supplementad Heat tlata@t TAnee Se 2 a: 
ATVOT Grit (A TLD cere ec Ree ps ch aw cate 118 


viii 


hil We ee a ee 


f Au { : ‘ a. : oe 
He iM vdtig % vi € a? Ls om, bad aut au e Si yer he i 


ir q ; 0 
1 aS : rey as 
oy : NV . 
: : : i ae \ + é Fae ” Ag a il 
v s Pe f as Te? ee | 


RC cee Mees Ce soivanaane 

at ay tain fre 
| 2 be RRR IPR 
aur Heng sean a ae rd | hi nea 


ala sor bias ‘nokating i 


| be ota) Jae! 4 ig2 ‘atl ask 


4 


mee Sy ee sete, 42h iw Pee 


Table 


List of Tables 
Page 


Location, size, floor type and type of 
supplemental heating system for the four 
Dasa SyMOMmiwOneC eww 2 tire etm oe res Meret inch mum Recah Ny a leven « 24 


Balimar Gata ton, tne Tour bapns monitored: —&..)2.. 40, 32 


A summary of the primary sensors, their 
locations and scanning rate, for each of 
Hnemioun bar nshmontl tored. Were: Gilet chute hee sre eles 33 


Means and ranges of the ventilation rates, 

heat balance components, environmental 

conditions and the static pressure 

differential developed by the fans for 

Sachnonv Live. OlIbMBbarNSMONMROREGUED oe hwniit ries sia a. chau ae 54 


The mean calculated total heat load and 
its sensible and latent heat components, 
whthinanges,. for the four barns.monitored. .;....-.'. 56 


Average water and feed use values for the 
data acquisition period for each of the 
EOUP SOS TENS 21) hone te hie otc aR ee ee mena are tie eee vise en see CT aaa es ar ct 60 


Comparisons of partitioned latent heat and 

total heat loads in each of the four barns 

monitored, as determined by each of two 

MEVOIIOCS Lili tke Lek ek bi Es ee i a a eee a oi Si ata “ecare 65 


1x 


et “ey ane 
aay wea] bit Met 


) Raesiead) Pn oon ake ae aati oe! 5186 (ai 
es . . 4 a alt samaerine een mat wy vine 


ae hy aks eh aoe", BOF raat Bee ete tae 
ay Nae) ie ahi oY arti’ aig 
cE ehh, atts notte they ant te a ne ae 
ie le foertncdnvne ve aii i . ‘Soce) oe’ y 
" : pogo i 3 a4] PVP ges arity tits 
pie wet arat 62. Yd emcee apolar 


Pe yi ney eae coe. So alee” Padkiieions: 
ay i te Pa tat eh tg 7: ae pes Wi 
oa | ae or WA LEY. Seu TRAY Bem Medea pen i 
Ja ee OPEL MoS Rae, WOT fo Pe rah (tae ion Me 
Poms Ft t Ri ten. 
io : ‘ 7 ar ih } i re ! eee 4 — 3 hbo? ull 1. oe 


bj 4 ‘i Eee Teal ey 


he iowa ot er ab Sad ti eet eon 


List of Figures 
Figure 
ey A diagrammatic representation of the 


relationship between total, latent, and 
sensible heat production of the pig versus 


Remperatunes (Phd: ips) GOSOiu. Hur cere... 


4.1 An end-view schematic of barn SO-1 showing 


some ventilation ‘and structural details!...... 


4.2 An end-view schematic of barn SO-2 showing 


some ventilation and structural détails. ..... 


4.3 An end-view schematic of barn SL-1 showing 


some ventilation and structural details. ..... 


4.4 An end-view schematic of barn SL-2 showing 


somenventi lation and structtral details. ..... 


4.5 A typical pig feeder barn showing the fan 


Spacing or. Ces wk ls heal, Sere Vee ge aes’ detent 


4.6 A view of the mobile laboratory parked: 


near one of the -barns monitored. ..<..0.. 0c... 


4.7 The discharge ducts used in the 


measurement Of an loul put aa ee eee con see ae 


4.8 A close-up view of the air-speed and 
temperature thermistors within a discharge 
duct with the air straightener in the 


PacKOrOuUnda:’ eee Ami es eee seen oh Pe eco ccc, 


4.9 A heat flux plate used to measure heat 


fiowsmthroughibuiidingncomponents soar 1... : 


4.10 The front of the instrumentation panel 


Whtnin, the mobi.leylabOna CO Vin. “2055 eceror eee 


apee The measured heat components of the heat 


Haancent ore Danie SO lias ge ceeten se we ca tenlee ee ein tee gece 


oes The measured heat components of the heat 


Baibance cor .Dpann 250325 es eee ee ere eer 


as The measured heat components of the heat 


batance for barns ee ee ee eee eee 


54 The measured heat components of the heat 


balance fOr Dabine eet lack etek cys nee eri eres 


yp) The calculated total, latent and sensible 


Page 


J See ede 1 atid ae ; ie =e: eo fart Ctra seo 
arrwar's AL pane eh as ne a al 


Oe ee (EM Teh uerL Toeee eaas 


Pi Tex | write Te @tiencaio ! aM Pee 2am) ait 7 


pairs, bilnlt bra iA ie nae oie, © Wer hs 


: itr den : es ites hl je amas 


a 4 7 Dir a 
a) r ; ha) K 
Line ; 
' ae Y ik 
ie \ te 
7 wie 

ei) 


ett: TO eas Sahn 
ath ie I 44 
ST hy 7” ery Wwe 


Ne) GE) CRE ot hamiartona ‘ahve ma 


ee ely 7h) FOES 1! ea AGy Ia | Phra’ — 
pst) saya Ee Fa 
ot et tae ie 


orniwerde:”' Pate Ke 34 grt tO iehvoBre.. are 
iY Catiat SE eGR AGT Teh a aR 


se Ve ao quod; eR 


“2 a i 


nes vs : a } y, Pe: hi i Na Hi art) ag 


tials Rs i stent a pay 
7 ay aiid ct 


Ayevey Deitel ek OE ME iy 
’ ere ae | tal ft r-rel A a, 
ayn f «) ‘ts 4ee rs 
| Eaws al ertid e74in ive 

Lf.) REO Ok hak Az eet a ae 


nag cite: nected rt ys... 42 en wt. 
. (TE BNP atl i OF 7 


~ fi 


AS 


Jatt at io eindhodmag teal Seneca at) 
Ae MS io hoaeval a) 


rah Lae a Cics Net sod wari! eG) 
hae anf a SRA SD | TY EO ee 


‘tee ans ie prnss aires 1aue a re! ie 


Figure | Page 


heat loads of the heat balance for barn 
oa a Meh neha ea Meee le dedi) 3 ae a I Oia rss Rly TO: « Labi te octal 49 


Sweie' The calculated total, latent and sensible 
heat loads of the heat balance for barn 
AS Gas tu? bere en eae lal be li adh ee thaw cp al ttt it Ue Aree een as 50 


Baeh The calculated total, latent and sensible 
heat loads of the heat balance for barn 
AS Shea pine ence are bite ia ae 2B bane a Gin dA Bene dBhiat ih aly Mia a ach eed Neat ee si 


ies: The calculated total, latent and sensible 
heat loads of the heat balance for barn 
Sy bisa Ea a aes EE MO PMR, ate hla tha kbs rh Ne Deal yg ae oaths Mae ake ee Ya 52 


Syaes, Pigs lying close together (huddling) to 
Mi Obi 2e ee aL eal OS Si i) Od lovers lacs ieee bn gee kee lee er ee 58 


5.10 The ventilation rate and the resultant 
control of the ambient temperature 
compared to the outside temperature for 
BS CeRHMR OS cll yacte waan tcc atac. get eee Rata] oma Ove Mle vee Maia ane ie ainc eee eee 68 


5.11 The ventilation rate and the resultant 
control of the ambient temperature 
compared to the outside temperature for 
2 Fst SNR fect Oy CR ae RR etm Pr ed ey BR eR Tere LAS h Ed ig Semen Opa 5 63 


5.12 The ventilation rate and the resultant 
control of the ambient temperature 
compared to the outside temperature for 
a € Wod when Ora Fai Lik heh 8 date emcee Mi hh eB ga ean nh 4 A end ah al ie a a 70 


5.13 The ventilation rate and the resultant 
control of the ambient temperature 
compared to the outside temperature for 
exe HAL e PIAS Oe ee aan PRE IRE DS Cian GoE ANSI eC emD Ain oe tye Rstmo sno 16 


ey 


i) at* a an ay 
+ ai eh 1 “ i 
wi | i wy . al pie: 
.* ; ; ‘ oe 
; ig, * . 
i od 
Fi 7 


hl * ve re ng feel 


mh. Tae Pies st Fi a 


we on 


A US Eis Aa eA 


big yshiw’ beta sa) As 
Pane. ot ahaa! ver 


0 Me 
SS A a i NR a ay 


| ot ate mene urls ride veg: wiht Cae Th ey 
TW Mes GT OTT aoe er 7 AEP ; 


+4 


2 


1 ae 


iy 


Re ) " Dt 3 , Mia 1 o) oy a) hae - ee 4 { 
a pera ap fe Gee ea F peae »; 
; A 
4, | 
, Gir ve | Th i ec xa 1 Gr “>"F . 7 
| abe a jo te mare i. a : 
ie 


i! ae 2 hie El is er aris. ie eee ae bist tink i a8 
1 i ay ee he 4, besa ty ah Pi ' Age 

era Si | . Je 149 e td by 7 lg Bist auch ey! i nae 
. ‘ ’ ‘ a) a eo =a 


i 


1. Introduction 

In swine confinement housing, sufficient air exchange 
must be provided to maintain an optimal growing environment. 
The ambient temperature and relative humidity are 
controlled, usually by mechanical means, to a range which is 
considered to be comfortable for swine. The ambient 
parameters normally are modified by ventilating the barn 
with outside air. Pigs generate a large amount of heat due 
to metabolic processes. The heat released is primarily in a 
sensible form, although a significant portion of the total 
heat released is in the form of water vapour, or latent 
heat. 

During the Alberta summer, a swine barn must be 
ventilated with large quantities of air to maintain 
comfortable conditions. Each kilogram of air moved into the 
barn can only pick up a relatively small amount of heat 
before it has reached the barn optimum temperature and must 
be removed. When passing through the barn, the same kilogram 
of summer air can pick up large amounts of water, as latent 
heat. The control of relative humidity in the barn during 
warm outside conditions is not, therefore, a problem. In 
some installations, evaporative cooling is utilized to some 
degree in the summer to assist the ventilation system in 
cooling the barn. Air conditioning is not, at the present 
time, economical in swine confinement housing. 

When the outside environment reaches the lower 


temperatures of winter conditions, large amounts of air need 
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no longer be moved through the barn. Sensible heat losses 
through the shell of the barn cool the ambient air. The 
animals themselves generate sensible heat to warm the barn 
but they also generate latent heat. Evaporation, for 
example, from manure pits, floors, and waterers, also 
releases water into the air. Cold outside air, when warmed 
to room temperature, can pick up large amounts of moisture 
as latent heat. To control the relative humidity, small 
amounts of the humid inside air are vented and replaced with 
dry outside air. The sensible heat produced by the pigs is 
not always sufficient both to warm the cold air coming into 
the barn and to compensate for the building heat loss, with 
the result that a heat deficit develops. Supplemental 
heating systems are installed to overcome this heat deficit 
and to ensure a balance of ambient conditions. 

Optimizing the confinement swine barn involves 
balancing the capital expenditures on building components, 
such as insulation and manure management equipment, 
ventilating equipment, and supplemental heating system, with 
the cost of operating the barn. Ventilating a barn is an 
energy intensive operation, especially under winter 
ventilating conditions. With the rapidly escalating energy 
costs of today, the need for energy efficiency in 
environmental control systems is readily apparent, as is the 
need for sound data upon which such systems must be based. 

Computer models are used for both research and 


extension purposes. With the advent of modern low-cost 
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comput ing Facilities, models predicting heat and moisture 
losses from animals and their environment are becoming more 
sophisticated. Variables which could not be modeled in the 
past are being incorporated to provide more accurate 
assessments of the true animal heat and moisture load. Based 
on experimental evidence, no model of confinement swine 
housing has yet been able to predict the heat and moisture 
loads in a commercial operation without assumptions of the 
parameters in the heat and moisture balance of a swine barn. 
More accurate and reliable data are needed. 

For the purposes of designing efficient environmental 
control systems, reliable data on the amount of sensible and 
latent heat produced by the animals in the barn must be 
Known. Consequently, the amount of sensible heat which is 
introduced into the barn only to be ventilated as latent 
heat must be determined. Design data presently used in 
Canada for heat and moisture output of swine are based on a 
limited number of studies from the U.S.A. Because of the 
need to accurately control and measure the conditions of an 
experimental study, such studies often were limited to smal] 
numbers of animals, small chambers, and rigorous control. 
Management practices and housing type differed in varying 
degrees from those prevailing in Alberta today. In addition, 
commercial scale operations have not been subjected in the 
past to intensive research in terms of establishing heat and 
moisture loads, due primarily to the problems of 


instrumention and data collection and processing involved. 
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With recent developments, however, these problems for the 
most part have been overcome and the technology to undertake 
such studies in commercial livestock housing units is now 


available. 
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2. Literature Review 


2.1 Historical Overview 

By the turn of the last century, ventilation was 
recognized as being essential in confinement housing (King, 
1908, Grisdale and-Archibald, 1914). A supply of ‘pure’ air 
was the major concern, with the view that it was necessary 
and profitable for the maintenance of stock health and the 
preservation of hay, grain and barn timbers (Kelly, 1930). 
Generally, the structures were unheated and naturally 
ventilated. The common standard of measuring the 
effectiveness of a ventilation system was its ability to 
keep the walls and ceiling free of moisture. The effect of 
insulation on condensation was well documented (Grisdale and 
Archibald, 1914) and the moisture content of the air ina 
well-built building was controlled by the amount of 
ventilation air passing through it (Kelly, 1930). 

Availability of modern gas boilers and furnaces 
increased the popularity of large, heated confinement barns. 
If a desired relative humidity were to be maintained by 
ventilation, a warmer ambient temperature could increase the 
differential between the ambient temperature and the 
dewpoint, reducing condensation on the inside building 
surfaces if the wall construction were adequate. In 
addition, watering systems often were installed to reduce 


labour costs, necessitating temperatures above freezing at 
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all times. 

The major reason for heating a building was animal and 
worker comfort. The economic benefits of increased 
production and growth due to the higher temperature, lower 
relative humidity and freedom from drafts were considered to 
be self-evident (Kelly, 1930). 

With a larger differential between inside and outside 
temperatures, ventilation control became more critical. In 
this regard, mechanical ventilation offered a more precise, 
trouble-free way of obtaining proper ventilation rates. A 
steady-state ambient temperature was not a condition sought 
after when mechanical ventilation was first introduced, nor 
were the control systems accurate enough to obtain 
steady-state conditions. The dependence on ventilation for 
environmental control, and hence the cost of ventilation, 
have increased. In addition, heating fuel costs are becoming 
a more significant portion of the costs of production in 


total confinement operations. 


2.2 The Heat Balance 

For any system, the energy or mass input must equal the 
energy or mass output. The energy balance of a confinement 
swine barn, specifically the heat balance, also follows this 
rule. In general: 


Heat gain = Heat loss 


The specific components of the heat balance in a barn 
are easily identified. The ventilation heat loss has both 
latent and sensible components. The second loss to the 
system usually is considered to be the heat loss through the 
building structural components. During warm weather 
conditions, or days with high solar radiation levels, the 
structural heat loss may become negative, actually adding 
heat to the system. Some latent heat also may be lost 
through the building structure but the amount is 
insignificant in buildings with adequate vapour barriers. 

The two heat inputs to the heat balance are the animals 
and the supplemental heating or cooling system. The pigs 
lose an insignificant amount of latent heat from their skin, 
a larger amount of latent heat by respiration, and a large 
amount of sensible heat from conduction, radiation and 
convection (Monteith and Mount, 1974). The supplemental 
heating system, in most cases, supplies only sensible heat 
sufficient to balance the system. In some cases the 
supplemental heating component of the heat balance will be 
negative, taking heat out of the system. It may cool the 
air, either by air-conditioning, or by an evaporative 
cooling system which converts large amounts of sensible heat 
in the ambient air to latent heat by evaporating water. 

The heat balance also involves a shift of heat between 
its two forms, latent and sensible. Sensible heat is used to 
evaporate liquid water from wet surfaces within the barn, 


and, “in doing so, is converted to latent»heat. If moist air 
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comes in contact with surfaces cold enough to lower its 
dry-bulb temperature below its dewpoint, the water in it 
will condense, and latent heat will be converted to sensible 


Poctean Amo HaRS AVES, 190 77)% 


2.3 The Sensible Heat Balance and Summer Ventilation 

The heat balance of a confinement barn can be divided 
into a sensible heat balance and a latent heat balance. In 
its simplest terms, the sensible heat balance of a building 


is very straightforward: 


Ventilation + Structural = Animal + Supplemental 


The ventilation air removes sensible heat and the building 
shell also removes (or adds) sensible heat. The animals and 
the supplemental heating system add sensible heat to the 
barn. Sensible heat is removed from the barn in the case of 
a cooling system. Sensible heat also can be converted to 
latent heat by evaporating water. 

During summer ventilation, temperature control is the 
primary concern. The temperature of the air entering the 
barn can be equal to or higher than the desired inside 
temperature. Unless air conditioning is used, high 
ventilation rates must be provided to ensure that the 
ambient temperature of the barn remains close to that of the 


outside air. Some evaporative cooling occurs naturally from 
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wet surface areas while spray cooling is sometimes employed 
(Turnbull, 1973). Because the ventilation air in Alberta 
generally is not saturated, and hence can pick up large 
amounts of moisture, moisture control is not a summer 


ventilation problem. 


2.4 The Latent Heat Balance and Winter Ventilation 

During colder weather, a ventilation system provides a 
minimum amount of fresh air (Turnbull and Bird, 1979) while 
controlling the humidity of the barn (Esmay 1969). 
Ventilation air entering the barn must be warmed to the 
Hee ined ambient temperature, possibly requiring large 
amounts of energy. A critical temperature is the outside 
temperature below which the air, needed to remove the 
moisture from the barn, can not be heated by the animal 
sensible heat. A heat deficit occurs and supplemental 
heating is required. This critical temperature occurs at 
about -15°C. for well insulated barns, varying slightly with 
ambient conditions within the barn (Turnbull, 1973). 

A latent heat balance can be developed for a barn; 


thus: 
Ventilation = Animal + Evaporation 


A percentage of the latent heat is produced directly by the 


animal: the remainder is the result of a shift from sensible 
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heat due to the evaporation of moisture from wet surface 
areas. For efficient and economic ventilation, the control 


of latent heat production must be understood. 


2.5 The Balance of Sensible and Latent Heat 

The heat output of the pig and of the heating system 
may be modified by environmental conditions and management 
practices. A shift of sensible to latent heat occurs at al] 
moisture-air interfaces. 

Animals generate heat in both sensible and latent form. 
Sensible heat is lost by a pig through direct exposure to 
the environment by convection and thermal radiation, and by 
conduction to the floor. The latent heat output of the pig 
is derived primarily from respiration (Mount, 1979). As 
noted previously, sensible heat can be converted to latent 
heat when it is used to evaporate moisture from surfaces 
within the barn. This shift is primarily dependent on floor 
type, ambient temperature and the ambient relative humidity. 
The floor type achieves the control of latent heat 
production by varying the amount of wet surface area over 
which air can move. Floor covering and other management 
practices also affect the amount of moisture released into 
the air (Midwest Plan Service, 1980). The amount of latent 
heat converted to sensible heat through condensation on cold 
surfaces is generally negligable in a well-constructed barn 


that is not maintained at a high humidity. 
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The supplemental heating system normally is controlled 
thermostatically and merely supplies the heat deficit that 
occurs when the outside temperature is below the critical 
temperature (Turnbull, 1973). The heat and moisture output 
of the pig is not under as simple a control and will be 


examined in greater detail in the next section. 


2.5.1 Heat Production of the Pig 

Dick and Loader (1960) noted that by 1940 studies had 
been undertaken to determine the moisture and heat output of 
pigs in calorimeter-style experiments. Generally, the 
research was carried out with the intent of estimating feed 
intake requirements. The studies found that the average 
54-kilogram pig in English fattening houses generated 
approximately 580 Ku per hour ae heat output, of which 20 
to 25 percent was latent heat. By 1950, the data were being 
used to determine ventilation rates. Some later work 
included the effect of the environment on the physiological 
and metabolic processes of the pig. Recently, sophisticated 
equations and models have become available based on 
metabolic considerations and management parameters. Bruce 
and Clark (1979), and Phillips and MacHardy (1982), have 
developed such models for predicting the heat and moisture 


losses from swine. 
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2.5.2 Thermoregulation of the Pig 

Baxter (1969) reviewed the environmental complex of 
animal housing and summarized the ways in which a pig can 
transfer energy. Energy gains are by basal and digestive 
processes, activity, absorption of radiant energy, 
conduction, and condensation of atmospheric moisture. Losses 
are due to evaporation from the skin and respiratory tract, 
outward radiation, and heat conduction away from the body. 
To maintain its internal temperature, the pig has 
compensatory mechanisms by which it responds to changes in 
the environment (Mount, 1979). 

Bond et al. (1965) noted that increasing air velocity 
over a pig significantly increased the pig’s total heat 
output. Gunnarson et al. (1966) showed that rate of gain was 
significantly decreased by increased air velocity. 

The relationships between feed intake and heat output 
are relatively well understood. The heat released by the pig 
is dependent on its feed intake. A higher feed intake will 
result in an increased heat output. Models by Bruce and 
Clark (1979), and Phillips and MacHardy (1982), demonstrate 
that total heat output increases with feed intake. Stombaugh 
and Grifo (1977) also showed that increased feed intake 
dramatically increased the heat output of the pig. Heitman 
and Hughes (1949) indicated that feed intake decreased as 
the ambient temperature became uncomfortably warm for the 
pigs. Bruce (1980) also suggested that feed intake decreases 


above the upper critical temperature of the pig. 


Within the thermoneutral zone, (Figure 2.4), the 
sensible heat production of the pig decreases with 
increasing temperature, while the latent heat production 
increases, as demonstated by Close (1981). The models by 
Bruce and Clark (1979), and Phillips and MacHardy (1982), 
also indicate a similar trend. A diagramatic representation 
of this relationship between the latent and sensible heat 
production of the pig is shown in Figure 2.1 

Management parameters, and swine reponse to these 
parameters, affect the heat and moisture output of the pig. 
Mount (1979), for example, states that increased activity of 
a pig will increase its metabolic rate, with an increase in 
the total heat released from the animal. The activity level 
may be influenced by the lighting or feeding regimes, the 
time of feeding, the proximity to unusual disturbances, or 
myriad other factors. Air movement, huddling, skin 
temperature, convection, perspiration, radiation, and floor 
type are other examples of parameters affecting the heat and 
moisture output of the pig. Many of these parameters are 
included in models, such as those by Bruce and Clark (1979), 
and Beckett and Vidrine (1977). 

Heitman et al. (1958) demonstrated that a finishing pig 
gains weight fastest in an environment of 21°C, 50 percent 
relative humidity, and an air velocity of 0.13 metres per 
second. Heitman and Hughes (1949) showed that a temperature 
of 24°C was optimum for a feeder pig. They also showed that 


relative humidity will not affect pig performace until very 
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Figure 2.1 A diagrammatic representation of the relationship 
between total, latent, and sensible heat production of the 


pig versus temperature (Phillips, 1980). 
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high temperatures, about 35°C, are reached. Above the upper 
ern ntical temperature, the latent heat output of the pig 
increases rapidly as the rate of respiration increases 
(Morrison et al., 1969). Bond (1959) demonstrated that the 
ambient temperature affected the heat output of the pig. 
Stevens et al. (1976) suggested that improved economic 
benefits could be obtained by reducing ambient temperatures 
and increasing the amount of feed intake. 

Many aspects of thermoregulation are under the control 
of the pig. Vasodilation and vasoconstriction affect the 
heat output (Restrepo et al., 1977). Self-regulation of feed 
intake also varies the heat output. Exposure of skin to 
conductive surfaces, or huddling, affect the heat loss. A 
combination of wet surfaces and air movement will cool the 
pig and add latent heat to the environment, thus increasing 
the moisture load under winter ventilation conditions. Under 
warm ambient conditions, pigs often will increase the 
evaporative surface areas by lying or rolling in defecation 
areas in order to keep cool, and then defecating in feeding 


or sleeping areas. 


2.5.3 Sensible to Latent Heat Shift 

Bondtete alia 9529 measured heat and moisture outputs 
for pigs kept in controlled temperature chambers, and later 
developed a regression equation to predict heat and moisture 
outputs (Bond et al., 1959). They found that above 16°C, 


latent heat production (moisture output) increased, while 
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sensible heat production decreased, resulting in a 
relatively constant total heat production. Below 16°F, the 
sensible heat output increased, while latent heat production 
remained constant. For a 54-kilogram pig, the total heat 
output varied from 475 kJ per hour at 16°C to 580 ku per 
hour at 4.4°C with about 15 percent of the total heat output 
being latent heat. The conversion of sensible heat to latent 
heat (evaporation) due to evaporative surface area was 
documented in this study. An additional 15 percent of the 
total heat was found to be converted to latent heat from 
sensible heat by the evaporation of water from the wet 
surface areas in the study chamber. Thus, 30 percent of the 
total heat produced by the pigs was ventilated as latent 
heat, with the solid floor effectively doubling the moisture 
production rate. 

A preliminary study in England in 1960 (Dick and 
Loader, 1960) examined the heat and moisture loads in 
piggeries. A mechanically-ventilated, electrically-heated 
finishing barn yielded a total heat output of 528 ku per 
hour for a 54-kilogram pig at an average ambient temperature 
of 16°C. Latent heat represented about 40 percent of the 
total heat load of the barn. The authors concluded that many 
factors other than internal temperature and the size of the 
pigs affected the output of sensible and latent heat. Animal 
activity, insulation values, ventilation rates, and. overal! 
management practices also caused considerable fluctuation in 


the total heat and moisture outputs. 
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2.5.4 The Influence of Floor Type 

With the escalation of labour costs in the late 1950's, 
many innovative manure management systems were introduced. 
For sanitation and management ease, without sacrificing 
growth rate, slatted floors and liquid manure handling 
became more popular in the United States (Bell et al., 
1966), Europe and the United Kingdom (Brannigan, 1968). 
Although the actual manure storage and disposal details 
varied considerably, three types of flooring were utilized. 
These were solid, partially-slatted, and fully-slatted 
floors. 

Harmon et al. (1968) undertook a study to determine the 
difference in moisture production between each of these 
three flooring types. They showed that flooring type 
significantly affected the quantity of moisture which had to 
be removed from the environment by ventilation. A slatted 
floor generated 0.42 times as much moisture as a solid 
concrete floor, and a partially-slatted floor produced an 
amount of moisture directly proportional to the percent of 
the floor that was slatted between the slatted floor and the 
solid floor. The regression equation developed by Bond et 
al. (1959), was verified as being useful for predicting the 
mean moisture removal rate for solid concrete floors, but 
Harmon et al. (1968) concluded that it gave too high a value 
for partially-slatted or fully-slatted floors. Harmon et al. 
also concluded that considerable fluctuation occurred in the 


moisture removal values because of factors that were beyond 
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the control of the pig producer. 


2.6 Models of Confinement Housing 

The availability of low-cost computing makes possible 
programs which model confinement barns to a high degree of 
sophistication. One such model was developed by Feddes et 
al. (1973) and refined by Barlott and McQuitty (1974,1976). 
Sensitivity tests on the model indicated that the most 
important variables were the attic temperatures (the 
incoming air) and heat and moisture production within the 
building. The estimates of heat and moisture loss by the 
swine were probably the least reliable of all factors 
contributing to the temperature and humidity conditions of 
thesuni-t. 

Optimizing a building involves balancing energy costs 
with hardware costs. Christianson and Hellickson (1977) 
concluded that supplemental heating and insulation costs 
were the primary factors in optimizing the design of 
environmentally-controlled buildings. 

Stevens et al.(1976) developed a model to determine the 
relationship between fuel conservation and swine 
performance. The fuel conservation portion of the model 
involved the basic equations for ventilation and building 
heat loss. As expected, the results indicated that 
decreasing the inside temperature of a growing or finishing 


swine facility would save significant amounts of energy with 
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only small differences in the amount of feed consummed. The 
results also indicated that increasing the area of 
slatted-floor by 25 percent could reduce the heat-energy 
consumption by about 12 percent because of the reduced loss 
of sensible heat to latent heat. 

huhnke et al.(1980) developed a computer simulation 
involving economic optimization for swine housing. They 
noted that their conclusions were contingent upon the 
accuracy of the published figures on room moisture. 
production data. Required insulation levels were found to be 
dependent upon the animals’ growth stage. These researchers 
concluded that floor type (manure management) played an 
important role in determining the energy efficiency of a 
confinement building and that lowered ventilation rates 
should be encouraged in those situations where the type of 
manure management warrants. 

Huhnke et al. (1980) also concluded that the benefits 
of adding high levels of insulation are doubtful unless the 
heat loss in the ventilation air also can be reduced. 
Because winter ventilation controls the humidity of the 
barn, lower energy use could be achieved if the ventilation 
system were controlled by the relative humidity. However, 
the harsh environment in pig buildings has not yet made 


accurate humidity sensing practical. 
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2.7 Existing Problems in Confinement Housing 
Currently, recommendations regarding the heat and 


moisture loads in swine barns at the extension and design 


levels are based primarily on work by Bond et al. (1952) and 
Harman et al. (1968). The Canadian Farm Building Code, 
(1977), Ogilvie, (1969), Ahearne et al. (1974), Midwest Plan 


Service, 101980) { Turnbul) and Bind, (1979), and. Turnbull, 
(1973), are among those publications that often are used as 
design references. 

Muehling (1979) lists various concerns in ventilating 
swine barns. The obvious problem is excessive energy use due 
to improper ventilation. Poor adjustment of the system can 
also lead to drafts. Extension engineers are finding that 
the data being used to estimate moisture removal rates are 
not indicative of local commercial conditions, resulting 
often in an apparent over-ventilation of well-designed barns 
which leads to excessive dryness and high energy usage. 
Ventilation system sizing, and/or improper inter locking of 
controls, would appear to be the problem. Albright (1976) 
stresses that research needs to be undertaken to reduce the 
costs of mechanical ventilation. 

Manure management systems, stocking densities, animal 
behavioral patterns, feed energy intake, and feed conversion 
efficiency may affect the heat and moisture production rates 
of swine maintained under commercial conditions. The actual 
sensible and latent heat loads for a barn would seem to 


yield a heat balance which requires smaller supplemental] 
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heating systems than those predicted by models and 


recommended in standard references. 
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3. Objectives 


The Department of Agricultural Engineering at the University 


of Alberta, has developed over the past few years, the means 


to monitor thermal, and a number of non-thermal, parameters 


in large-scale commercial livestock housing units. Using 


this capability, four commercial swine feeder barns were 


monitored with the following objectives: 


Es 
on 


To determine the total heat output of feeder swine. 

To determine the moisture load to be removed by 
ventilation and the percentage of the total heat 
produced by the swine that is vented as latent heat. 

To quantify the extent of conversion of sensible heat 
inputs to latent heat within a swine feeder barn and the 
ratio of that latent heat to total heat. 

To compare the heat and moisture loads in solid-floored 
barns and partially slatted-floored barns. 

To observe management practices and the effect of those 
practices on moisture production rates in each of the 
FOUr=barns. 

To observe the effectiveness of existing ventilation 


systems. 


Ze 


4. Experimental Facilities and Procedures 
Facilities at the University of Alberta offer an ability to 
monitor, collect, and analyze data in large quantities 
(Feddes and McQuitty, 1977,1981). Full-scale studies of 
commercial total confinement animal housing operations are 
feasible. With this capability, a limited number of 
commercial swine feeder barns were instrumented, and heat 
and moisture balances established in compliance with the 


objectives of the project. 


4.1 Facilities 


4.1.1 Barns Studied 

The study was conducted during the period extending 
from January to April, 1980. Four pig feeder barns were 
selected for monitoring on the the basis of the manure 
management system, accessibility and co-operation of the 
farmers. Two of the barns had solid concrete floors and two 
had partially-slatted concrete floors. All four barns were 
typical of commercial swine operations in Alberta. 

Barn SO-1 was located at Wasketenau, Alberta. The barn 
was 11 by 29 metres and had a solid concrete floor with a 
center-drag barn cleaner. A moderate amount of bedding was 
utilized. 

Barn SO-2 was located at Czar, Alberta. This barn was 


11 by 33 metres and had a similar style of cleaning system 
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to barn SO-1. No bedding was used. 

Babs ol >| and’ Sl -2 bothuhad aioseupencent. slatted 
concrete floor and were located northwest of St. Albert, 
Alberta. Barn SL-1 was 11 by 32 metres while barn SL-2 was 
11 by 41 metres. The principle characteristics of the barns 
are given in Table 4.1. End-view schematics of the barns, 
showing relevent details of the ventilation and structural 
components are shown in Figures 4.1 to 4.4. The barns were 
monitored in: the fol lowing-order;) SO-1, Sl-1, SL-2) and .S0-2. 

All four barns used exhaust fans located on one side of 
the building as shown in Figure 4.5. Barn SO-2 had an 
adjustable fresh air inlet situated along the opposite side 
of the building and used two thermostatically-control led 
large fans and two continuous-running smaller fans. Barn 
si-2 had a central air tiniet. not edaustanle. and three 
identical variable speed, thermostatically-controlled fans. 
Barns SO-1 and SL-2 used fresh air inlets on both sides of 

Table 4.1 Location, size, floor type and type of 


supplemental heating system for the 
four barns monitored. 


Barn Location Size (m) Floor type Heating 
(concrete) 

SOs Wasketenau eex Glo Solid Black pipe 

sUs2 Czar lees Solid Forced air 

Sa St. Albert ii 3 2 35% Slatted Floor heat 

Sia St. Albert 11 x 41 35% Slatted Black pipe 
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Figure 4.1 An end-view schematic of barn SO-1 showing some 


ventilation and structural details. 
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Figure 4.2 An end-view schematic of barn SOQ-2 showing some 


ventilation and structural details. 
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Figure 4.3 An end-view schematic of barn SL-1 showing some 


ventilation and structural details. 
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Figure 4.4 An end-view schematic of barn SL-2 showing some 


ventilation and structural details. 
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Figure 4.5 A typical pig feeder barn showing the fan 


spacing. 


Figure 4.6 A view of the mobile laboratory parked near one 


of the barns monitored. 
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the barn to provide the exchange air and each utilized only 
one large centrally-located variable-speed fan. The 
adjustable air inlets extended the length of the barn and 
included the location of the fans. These fans also were 
temperature controlled. All four barns had summer 
ventilation fans, additional to those noted, which were not 
utilized. 

The four commercial feeder barns were all of a 
wood-frame construction type. Barns SO-1 and SL-2 were of 
recent construction; barns SL-1 and SO-2 were older but were 
in good condition. The thermal resistance was determined 
from the construction components and verified with 
measurements during the course of the data acquisition 
period. The ceiling was calculated to have a thermal 
resistance to the order of 4.4m2-°C/W, that is, RSI 4.4, in 
all cases. The thermal resistance of the walls was 
calculated to be RSI 3.5 except for barn SO-2 where, perhaps 
because the barn was older, the value was calculated to be 
RSI 236 

Barn SO-1 was hot-water heated, with a suspended finned 
pipe running the length of the cold air inlets. Barn SO-2 
was heated by a forced air system while both of the 
slatted-floored barns utilized hot-water heating. Barn SL-1 
was floor heated while SL-2 was heated by a 51 mm. diameter 
black iron pipe suspended below the center air inlets. 

The pigs in barns SO-1 and SL-2 were fed ad /ibitum 


using self-feeders, while the pigs Tnebarns? SO=2eand" Sih 
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were hand fed on a restricted feed regime. Table 4.2 shows 
the number of pigs, average liveweight, stocking density, 
and the feeding and lighting regimes. Liveweight was 
estimated in each case by the farm operator and the research 
personnel, and verified by weighing a random selection of 
pigs. The breed of the pigs was not standard. 

Barn SO-1 was lit continuously. The other three barns 
had the lights on only when the farm personnel were present. 
During the data acquistion period, this was only during 
feeding and/or cleaning and inspection periods, and was 


limited to short periods of time. 


4.1.2 Instrumentation 

The environments of the barns were monitored 
continuously over a two-day period utilizing the data 
acquisition system described by Feddes and McQuitty (1977). 
The instrumentation was housed in a mobile laboratory 
(Figure 4.6), which was parked close to the barn being 
examined. Extension wires and sampling tubes were run from 
the instruments in the trailer through an 
electrically-heated conduit to the barn and then to the 
desired sensor, transducer, or sampling location. Two days 
(48 hours) was deemed the minimum amount of time acceptable 
to eliminate errors in the data logging and to take into 
account the dynamic nature of the thermal environment within 
an animal housing unit. Meaningful data could be obtained 


only if the data acquisition period were sufficiently long 


G2 


Table 4.2 Data for each of the four barns monitored. 
pomeereesr ree NES TOO | ee errrnee ie 8 OR eee 


Number Average Stocking Feeding Lighting 


Barn On liveweight density regime regime 
Pigs (kg) (m2/pig) 

o0-1 269 54 Oe ad libitum continuous 

SO-2 287 59 0.62 restricted partial 

2 hata 433 59 O62 restricted partial 

Slissz 445 50 0874 ad libitum partial 


to overcome inherent cycles and short time constants in some 
of the parameters. Thermal storage in the barn, thermal 
storage and lag time within the heating system, and diurnal 
fluctuations of outside environment, ambient environment, 
pig activity and management practices were some of the 
factors to be considered in this regard. 

Equipment utilized during the monitoring process was 
allowed to reach operating temperature before use and not 
used until stable readings were obtained. Calibration of the 
entire system was then undertaken. Readings from the barn 
using handheld equipment were correlated with the readings 
from the data logger to ensure every instrument was working. 
The run was then started. During the monitoring period, the 
output of the data logger was checked periodically by 
technicians and compared to field measurements to ensure 
reliable data. 

To facilitate monitoring of the exhaust air from the 


feeder barns, discharge ducts were constructed downstream 
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Table 4.3 A summary of the primary sensors, 
their locations and scanning rate, 
for each of the four barns monitored. 


Sensor type and Location Number 
sampling rate 


Thermistors - 20-minute readings: 
outside 1 
two vertical profiles 8 
inside at midheight 4 
fans 1/fan 
supplemental heat Z 
fhotade 16 


Heat flux plates - 20-minute readings: 
ceiling 2 
floor 2 
walls 4 
foundation 2 
mOcad 10 


Air speed sensors - 4-minute readings: 
Fan over 30 cm. diameter 
Fan less 30 cm. diameter 


MES 


Thermistors - 4-minute readings: 
One for each two air speeds. 


Sequential air-sampling - 4-minute period: 
Dewpoint at fan 
Dewpoint inside 
Pressure differential 
Dewpoint outside 


/fan 
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from the exhaust fans (Figure 4.7). Air straighteners were 
installed in the ducts to provide laminar flow. The ducts 
and air straighteners were constructed in accordance with 
specifications outlined by Jorgensen (1961). Air-speed 
sensors, thermistor anemometers, developed by Feddes and 
McQuitty (1980), were placed in the airstream at the 
locations prescribed by Jorgensen (1961) and may be seen in 
Figure 4.8. The thermistor anemometers were calibrated prior 
to field use. A 25-point traverse using a hot wire 
anemometer (Sierra Instruments, Redlands, Cal.) was carried 
out on each duct. The air speeds measured by the air-speed 
sensors were calibrated against the average air speed in the 
duct obtained from the velocity profile (Feddes and 
McQuitty, 1980). The sensors and their locations are shown 
in Table 4.3. 

The ambient and dewpoint temperatures of the exhaust 
air were measured immediately upstream from each fan. The 
condition of the air entering the building was determined by 
measuring the outside dewpoint and dry-bulb temperatures at 
the slot inlets and at a location removed from the barn. Dry 
bulb temperatures also were measured throughout the barn. To 
measure representative ambient temperatures, each barn was 
divided into six sections, thirds by length and halves by 
width. A vertical dry-bulb temperature profile, composed of 
four equally-spaced points between the floor and the 
ceiling, and floor and ceiling heat flux, was measured at 


the middle of the two center sections. Mid-height air 
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Figure 4.7 The discharge ducts used in the measurement of 


Taieou cput. 


Figure 4.8 A close-up view of the air-speed and temperature 
thermistors within a discharge duct with the air 


straightener in the background. 
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temperatures were measured in the center of the other four 
sections. Dry-bulb temperatures were measured using 
thermistors (Fenwal Electronics, Framingham, Mass.). The 
thermistors were placed in positions (Table 4.3) which were 
protected from solar radiation or other conditions which may 
have affected the actual temperature reading. 

Dewpoints were measured by a dewpoint hygrometer (Model 
880, Cambridge Systems, Mass.). Representative air samples 
From several levels in the middle of the two centre sections 
of the barn as well as the samples from upstream of each 
fan, were drawn to the instrument through plastic tubing. 
The temperature of the air in the tubing was kept above the 
dewpoint by running it through heated pipe or conduit to 
reach the instrumentation trailer. This prevented moisture 
loss from the sampled air and inaccurate dewpoint 
measurements. 

The conductive heat losses from the building were 
measured by heat flux plates (Figure 4.9). The fabrication 
and calibration of the plates are reported elsewhere 
(DeShazer et al, 1982). Each plate was calibrated 
individually and monitored the heat flow through the 
building component by the temperature differential within 
the plate, as measured by two thermistors. The plates were 
placed on representative sections of each component of the 
building (Table 4.3). The thermal resistance of the barn was 
estimated on the basis of insulation type and checked 


against the values obtained by the heat flux plates. 
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The supplemental heat input to each barn was monitored 
on a continuous basis. Since the furnace room in each case 
was located outside the barn, the heat output of a hot water 
heating system was determined by monitoring the water 
temperature differential between the water flowing into, and 
out of, the barn. A commercially-available water meter 
(Neptune Meters, Toronto, Ont.), was inserted in series with 
the pump which circulated the hot water, to measure the 
volume of water passing through the heater. The quantity of 
heat lost to the barn was a function of the flow rate and 
the temperature change of the water while in the barn. 

In barn SL-1, heat flux plates were placed on the floor 
above the hot water lines in addition to the water meter and 
the temperature differential thermistors. The heat output 
measured by the heat flux plates was weighted to oer the 
actual heat output of the floor measured with a precision 
hand-held heat-flow meter (Concept Engineering, Old 
Saybrook, Conn.). 

In barn SO0-2, the supplemental heat output from the 
forced-air furnace was measured by monitoring the air-flow 
rate from the furnace in a manner similar to that used to 
measure ventilation rates, and the temperature differential 
across the heat exchange unit. The furnace rating served as 
a check. Thermal storage by the air distribution duct and 
furnace components was not measurable but was considered to 
be insignificant. In any case, the outside conditions during 


the data acquisition period were such that the furnace only 


38 


operated a small portion of the total time. 

Feed intake was determined by weighing samples of the 
feed and correlating it with the records of past feed 
consumption as supplied by the farmers. The rations were 
similar in all four of the barns being monitored. Water 
consumption was determined with the use of a flow-meter 
inserted in the water line supplying the fresh water to the 
barn. Water wastage was included in the water consumption 
data obtained. 

Other factors were measured for concurrent projects. 
These included solar radiation (direct and total); wind 
speed and direction; carbon dioxide, ammonia and hydrogen 
sulfide at several locations; the static pressure 
differential between the inside and outside of the barn; and 
the water consumption. Some of these data were used to 
verify trends found in the data used directly in this study. 

The data aquisition recorded air speeds and dry-bulb 
temperatures in the fan outlet ducts every four minutes. Air 
samples were collected from a different location every four 
minutes, with an automatic sequencer switching the sampling 
line to the analyzing equipment. Ambient dry bulb 
temperatures and the heat flux temperatures were recorded 
three times every hour. This scanning rate was considered to 
be adequate for recording the changes within the barn. The 
data logger transcribed the information onto paper tape. The 
logger and the other instrumentation are shown in Figure 


4.10. A computer program developed within the Department of 
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Figure 4.9 A heat flux plate used to measure heat flows 


through building components. 
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Figure 4.10 The front of the instrumentation 


the mobile laboratory. 
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Agricultural Engineering was utilized to transform the 
voltage readings to real numbers ( Appendix B). During the 
actual monitoring, samples were read via teletype and 
telephone to the University of Alberta’s Amdahl! computer 
located on campus and returned to the technicians to ensure 
that all the equipment was operating satisfactorily. After 
the monitoring period, the entire paper tape was read into a 


computer file for future analysis. 


4.2 Data Analysis 

The first step in the data analysis was to read the 
paper tape into a computer file. A computer program then 
transformed the voltage readings to real numbers. A111 the 
data were plotted on a TeKtronic 4051 graphics terminal and 
Tektronic 4662 plotter via the Michigan Terminal System and 
Fortran plotting software supported by the University of 
Alberta Computing Services. Unrealistic spikes in the plots, 
caused by momentary transducer or equipment failure, were 
eliminated. Backup copies of the data were placed on 
magnetic tape for storage. Appendix A lists the computer 
commands used to mount the paper tape and obtain a computer 
file with the raw data, a sample of which is included. 
Appendix B is a listing of the Fortran program used to 
convert the raw data to meaningful values. 

To obtain a manageable amount of information, all data 


were averaged and one representative mean was obtained for 
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each hour. Using standard psychrometric equations 
(eoe eR ALE. , 1977; Carpenters 1062). the specific volume, 
enthalpy and specific humidity of the incoming and exhaust 
air were calculated. With the air flow in the duct known, 
the actual weight of dry air exhausted from the barn every 
hour was calculated. The gain in heat and moisture in the 
air as it passed through the building then was determined. 
Thus, all the parameters required for a heat and moisture 
balance of the barn were available. Appendices C to G 
contain a selected list of the hourly data for the four 


barns. 
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5. Results and Discussion 


5.1 The Heat Balance 

The measured components of the heat balance were 
considered to be the conductive heat losses from the various 
components of the building shell, the ventilation sensible 
and latent heat losses, and the sensible heat gain from the 
supplemental heating system. Adding the conductive and 
ventilation building heat losses and subtracting the 
supplemental heat input yielded the unknown term in the heat 
balance equation, hereafter referred to as the total heat 
load of the system, or the total heat production of the 
pigs. This total heat load was the latent and sensible heat 
produced by the pigs plus any latent heat resulting from the 
evaporation of water from wet surface areas within the barn. 
The total heat load also included any equipment or 
measurement error and unexplained sensible heat. 

The 48-hour measured heat components for barns SO-1, 
S0-2, SL-1, and SL-2, are shown in Figures 5.1 to 5.4 
respectively, commencing with actual time. The relative 
proportions of the heat balance components are seen in these 
figures. The supplemental heating system and the building 
shell represented the smallest heat components of the 
measured heat balance parameters, except in barn SL-2. The 
sensible heat supplied by the supplemental heating system in 


this barn was quite large. On several occasions during the 
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Figure 5.1 The measured heat components of the heat balance 


for barn S0O-1. 
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Figure 5.2 The measured heat components of the heat balance 


for barn SG-2). 
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Figure 5.3 The measured heat components of the heat balance 


for *tbarn Si-4. 


47 


BENG ole 


MEASURED HEAT PARAMETERS 


@60 


840 


720 


-_-— 
-—- 


-_-— 
Se ae 
_- —/— 
sons eee 
oni Teen case ay 
Sand 
_-— 
—~——o = 


he Cg 
~ 


a a ae 
= = 


VENTILATED SENSIBLE 


-_—<——— = 
—--- 


>) 
— . 
re) 
— 


CONDUCTIVE 


ste hia 
ee 
-- 


SOS ann nce 
_~_—_— 


i=] 
a 


NOH OId Yad & 


x 800 
x 360 
240 
120 


22 26 30 34 38 2 Ts 60 bY 68 
ELAPSED TIME - HOURS 


18 


Figure 5.4 The measured heat components of the heat balance 
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monitoring period, the amount of heat supplied to overcome 
the sensible heat deficit, caused by over -ventilating, 
exceeded the amount of sensible heat removed by ventilation 
(Figure 5.4). 

The net total heat load and the sensible and latent 
heat components of the total heat load are the calculated 
heat components of the heat balance. These calculated 
components of the heat balance for each of the four barns 
aneesnown graphically in Fiqures 5. 58to 7s, In ait tour 
figures, the latent heat load plus the sensible heat load 
must equal the total heat load. The latent heat load was 
assumed to equal the latent component of the exhaust air and 
the sensible heat component was obtained by subtraction of 
the latent heat load from the total heat load. The latent 
heat measured at the exhaust fans was the result of the 
equilibrium established within the building between the 
sensible and the latent heat components of the heat balance. 
The latent heat produced by the pigs themselves was not 
measured and could not be determined experimentally. 

The daily activity patterns of the pigs may be seen 
from Figures 5.5 to 5.8. Heat outputs during the night 
appeared to be relatively constant. Morning activity 
resulted in a sharp increase in the heat loads on the 
ventilation systems in all four barns monitored. In three of 
the barns, the heat load peaked at 0800 hours, or shortly 
thereafter, during both days of the monitoring period. In 


barn SL-2, (Figure 5.8), thermal storage in the hot water 
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Figure 5.5 The calculated total, latent and sensible heat 


loads of the heat balance for barn SOQ-1. 
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Figure 5.6 The calculated total, latent and sensible heat 


loads of the heat balance for barn SO0-2. 
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Figure 5.7 The calculated total, latent and sensible heat 


loads of the heat balance for barn SL-1. 
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Figure 5.8 The calculated total, latent and sensible heat 


loads of the heat balance for barn SL-2. 
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heating system in the barn, coupled with poor system 
control, combined to actually cause the sensible heat 
component of the calculated heat parameters to become 
negative in the early hours of the first day of monitoring. 
The morning heat loads then peaked some hours later. 

The pigs in barns SO-1 and SL-2 were fed ad /ibitum. 
Comparing the calculated heat parameters of barns SO-1 in 
biguge.o.o) to\thatoof barns*SO-2 amd®SL-1 insFigures 56 and 
5.7, respectively, the ad ]/ibitum feeding regime appeared to 
depress the diurnal variation in the heat production data. 
If the short-term extreme variations in Figure 5.8 (barn 
SL-2) were ignored, the diurnal variation in the second half 
of the monitoring period also was depressed. 

As previously mentioned, an hourly evaluation of the 
calculated heat balance parmeters is misleading because of 
thermal storage and the inherent time cycles in the 
mechanical, structural, and biological components of a swine 
feeder barn. With the dynamic nature of the sensible and 
latent heat loads, (Figures 5.5 to 5.8), the heat and 
moisture production rates in the barns were difficult to 
determine for a specific point in time. Although such large 
hourly extremes in the heat and moisture production of the 
animals were recorded, in actuality, the heat production 
rates per pig were probably relatively constant. For this 
reason, heat and moisture production figures were averaged 


over the entire 48-hour monitoring period. 
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Means and ranges of the ventilation rates, heat 


balance components, environmental conditions and 
the static pressure differential developed by the 
fans for each of the four barns monitored. 


Barn: 


Ventilation Rate 
(kg dry air/pig h) 
Range 


Latent Ventilation 
Bessy ku/ pig hi) 
Range 


Sensible Vent. 
Loss (kKu/pig h) 
Range 


Building Loss 
(KU/pig h) 
Range 


Supplemental Gain 
(KU/pig h) 
Range 


Outside Temperature 
ee 

Inside Temperature 
aaa 

Inside Relative 


Humidity (4%) 
Range 


Pressure Differentia| 


(mm W.G. ) 


so-3 S032 > Lacal Slee 
Pies 27.4 12.4 24.5 
1S SS 0) ible Sole ie eo)) Koy 
224 257 163 136 
(100-308) Ci16e2720 195-305) 4( 402233) 
623 524 4Q2 417 
(442-800) (2752917 } (295-605) (302-553) 
88 Ue 98 62 
(A2e 102) Soe ies Ate eat 0 aa ai) 
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(1765216) tehO=biy (20> 10S pei 15589) 
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(20244) CeubeBe 4) e265 714) tie 1248) 
135 hoo) 14.8 iia 
(14-19 }aentet Gea) eee 4eds, (9-13) 
50 56 64 49 
(A0=57)% W385 90 hem 5 5585) Sear 6) 
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The measured heat balance components, and the 
ventilation rate, are shown in Table 5.1 as means. Because 
the temperature of the air moving through the fans varied 
from barn to barn and from fan to fan, the ventilation rate 
is shown as the weight of dry air moved through the fans. 
The comparison of the ventilation rates between the four 
barns, therefore, is valid. The four heat balance components 
tabulated for each of the four barns are the same as those 
graphed in Figures 5.1 to 5.4. They are the sensible and 
latent heat components of the heat removed by ventilation, 
the heat loss through the building shell, and the heat gain 
by the supplemental heating system. In all four cases, the 
data are in units of Ku per pig hour. Environmental data is 
included in Table 5.1. 

The calculated total heat load and its latent and 
sensible heat components are shown in Table 5.2. This table 
is the averaged data shown in Figures 5.5 to 5.8. The units 
are all expressed as Ku per pig hour. 

Regression equations developed by Strom and Feenstra 
(1980), based on pig weight and mean air temperature, 
indicate that the expected total heat load from the four 
barns under observation, should be between 580 and 630 ku 
per pig hour. Total heat losses, as presented in Table 5.2, 
were found to be both higher and lower than this range. The 
total heat load in the two solid-floored barns was found to 
be higher than in the slatted-floored barns. The heat loads 


in the former were 739 and 843 kU per pig hour for barns 
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Table 5.2 The mean calculated total heat load 
and its sensible and latent heat 
components, with ranges, for the 
four barns monitored. 


Barn: S8loe SO=2 Sioa SE-2 
Total Heat 739 843 36S 417 
(KJ/pig h) 
Range (432-975) (574-1557) (378-826) (oa noe 
Sensible Heat ae 586 370 281 
(KJ/pig h) 
Range (305-713) (345-1005) (277-558) (-61-543) 
Latent Heat 224 257 163 136 
(KU/pig h) 
Range (A26-308 wwii 6-726) (95-305) (66-233) 


Latent/Total 0.30 O30 0.30 O33 
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SO-1 and SO-2, respectively, while the heat load from the 
latter were 533 and 417 kJ per pig hour for barns SL-1 and 
SL-2, respectively. The latent and sensible components of 
the total heat load also were higher in the solid-floored 


barns. 


5.2 Sensible and Latent Heat Load Comparisons 

The rate of sensible heat loss from a pig is influenced 
by factors both within and beyond its control. Exposure to 
warm or cool surfaces is one of the primary means by which a 
pig controls body heat loss, influencing the convective, 
radiation, and conductive heat losses. Contact with other 
pigs (huddling), (Figure 5.9), reduces the exposed surface 
area, a situation that tends to occur under colder 
environmental conditions. Warm air temperatures encourage 
pigs to spread out over the pen floor. This results in an 
increase in the skin-concrete interface area, which in turn 
increases the heat loss; that is, the floor acts as a 
cooling fin. Many animals lying close together would 
decrease the ability of the floor to dissipate the heat 
laterally. from the individual pig and release 1t to the air. 
Stocking density thus affects heat loss to the environment. 
A moderate stocking density leaves the animals the option of 
increasing or reducing their rate of heat loss. A high 
density can result in a reduction in heat loss per pig, 


while a very low density can result in a higher heat loss 
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Figure 5.9 Pigs lying close together (huddling) to m 
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per pig. Without the option of adjusting their sensible heat 
output, the performance of the pigs may be affected 
adversely. 

The relatively low stocking density of Barn SO-1 (Table 
4.2) appeared to contribute to the high heat load per animal 
by affecting the ability of the pig to conserve heat and 
possibly causing an increase in activity because of less 
restriction in movement. Continuous lighting, used only in 
this barn, also may have contributed to this result. The 
lights, although not a significant heat source, tended to 
increase the observed level of activity of the pigs. Another 
contribution to the high heat load recorded may be 
associated with the ration consumed by the animals. The 
self-fed pigs in Barn SO-1 had a higher feed intake (by 
weight) than those in the other barns (Table 5.3). The 
activity level may contribute to the level of feed intake. 

Barn SO-2 also had a very high total heat loss per 
animal. Although these pigs were marginally heavier than the 
pigs in SO-1, (Table 4.2), the pens were larger and the air 
temperature the warmest of those barns monitored (Table 
4.1). When these pigs were lying, floor heat loss to the 
animal environment appeared to be substantial. Manual checks 
of the heat flux on the floor near huddled pigs, indicated 
that heat was actually moving up from the floor, an 


indication of the lateral heat movement through the floor 


away from the pig. 
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ab te: 5.3 Average water and feed use values 
for the data acquisition period 
for each of the four barns. 


a ee eee a eee 


Barn: SO=4 S0-2 Steal Siiae 
Water Consumption Ted heeds) 107-0 Shes, 
“vp agihy 
Feed Consumption 229 2.4 OES) Pade 
(kKg/pig day) 


The feeding regime practiced in a barn is probably one 
of the major factors affecting total heat production. The 
quality and quantity of ration directly affects 
metabolizeable energy (M.E.) intake. In turn, both heat 
production and growth rate of the pig are influenced by the 
level of M.E. intake. Restricted feeding is used with the 
objective of increasing carcass quality, although it also 
increases the time to market. Limiting the feed intake of 
the pigs reduces the energy intake but probably increases 
activity since the pigs are hungrier. Thus, a side affect of 
restricted feeding seemed to be a higher total heat output. 
From observation, the activity of the pigs in ‘this: study 
certainly appeared to be proportional to the extent of the 
restriction of feed. This can be substantiated with the 
water use data recorded in Table 5.3. In barns SO-2 and 
SL-1, both with restricted feeding regimes, the pigs used 
the highest amount of water. These figures seem to reflect 


an increased level of wastage corresponding to an increased 
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level of activity. The level of activity of pigs in barn 

| SO-2 appeared to be the highest of any of the four barns 
tested, followed by the pigs in SL-1. This could be another 
factor contributing to the high heat load in barn S0O-2. 

With the higher total heat production rates in barns 
SU aieanGesO- 2 thansin ‘Sli 7 and <SU-2).onetwould expect that 
the latent heat output also would increase by a 
corresponding amount (Table 5.2). However, Bruce and Clark 
(1979) and Phillips and MacHardy (1982) have reported that a 
direct relationship does not exist between sensible and 
latent heat production from pigs. Within the pig’s 
thermoneutral zone, the sensible heat production decreases 
as the temperature increases, and the latent heat production 
increases as the temperature increases (Figure 2.3). The 
ratio of the actual latent heat to total heat output of a 
pig may be a misleading statistic of limited relevance in 
practice as a design parameter. This is because the total 
amount of latent heat in the ventilated air is dependent 
directly on the amount of water evaporated from the floor, 
and indirectly dependent on the parameters affecting the 
pigs metabolism and resultant latent and sensible heat 
output. 

Bond et al. (1952) reported that 30 percent of the pig 
total heat output was removed by ventilation as latent heat 
while Dick and Loader (1960) found the ratio to be 
approximately 40 percent. The results for the four barns 


examined during this study indicated that about 30 percent 
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of the pig total heat load was removed as latent heat in 
every case. Ihe solid=floored’ barns hadtaeratio of 0220, 
while the values for the slatted-floored barns were 0.30 and 
0.33, respectively. The total heat load was higher in the 
solid-floored barns (Table 5.2); therefore, the conversion 
of sensible to latent heat must be occurring at a higher 
rate in these barns to maintain the ratio of latent to total 
heat at a level similar as to that in the slatted-floored 
barns. 

The conversion of sensible heat to latent heat is 
dependent on the ambient relative humidity and temperature 
in the barn as well as the floor type. The Canadian Farm 
Building Code (1977) recommends a relative humidity of 50 to 
70 percent for finishing pigs. Barn SL-1 had an average 
relative humidity of 64 percent, which was the closest 
recorded average relative humidity to the maximum 
recommended level (Table 5.1). The remaining three barns 
were near the minimum recommended level. Because winter 
ventilation is concerned primarily with the control of the 
ambient humidity levels, a low relative humidity is an 
indication of over-ventilation and a loss of energy. 

Another result of low relative humidity, according to 
Carpenter, (1962), is a lower partial vapour pressure and 
hence an increase in the rate of evaporation. Barn SL-2 had 
the lowest relative humidity, due apparently to the large 
amount of ventilation air being moved through the barn 


(Table 5.1). The average ambient temperature in this barn 
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also was the lowest, thus tending to reduce evaporation. 
Barn SO-2 had the highest ventilation rate on an animal 
basis, a moderate relative humidity, but the highest average 
ambient temperature of the four barns. Evaporation logically 
should have occurred here at the highest rate if other 
conditions were constant. Results suggest that this was 
indeed the case. Barn SO-1 also had a low relative humidity 
with the second highest mean air temperature. Given the same 
floor conditions, evaporation also would occur here at a 
relatively high rate and again this was substantiated by the 
data. 

Harman et al.(1968) found that solid-floored barns can 
have a greater moisture load compared to slatted-floored 
barns. The results of this study supported their findings. 
The greater evaporative surface area of the solid-floored 
units appeared to be one of the factors contributing to this 
load. However, the ambient conditions for water evaporation 
also were more favourable. In addition, the total heat 
production per animal was higher. 

The actual proportion of sensible heat input being 
converted to latent heat could not be determined directly by 
the experimental methods used in this study. The ratio of 
latent heat evaporated from the floor to the total heat load 
of the barn could be a useful design parameter. Accordingly, 
the latent heat load originating from the animals was 
estimated by two methods using data from the literature, and 


subtracted from the total latent heat load values to find 
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the quantity of sensible heat utilized in evaporating water 
from the floor. 

Bruce and Clark (1979) predicted the latent heat 
production of the pig on the basis of liveweight at the 
lower critical temperature using a regression equation while 
Bruce (1980), assumed a constant maximum latent heat output 
from a pig near the upper critical temperature. Phillips and 
McHardy (1982) indicated that the latent heat production of 
the pig is relatively linear throughout the thermoneutral 
zone (Figure 2.3). The upper and lower critical temperatures 
of the pigs in the four barns were estimated by fitting the 
parameters of the four barns monitored to the models of 
Phillips and McHardy (1982), Bruce and Clark (1979), and 
Bruce (1980). The latent heat production between the upper 
and lower critical temperatures were linearized and the 
actual latent heat production of the pigs then were 
calculated. A computer program developed within the 
department of Agricultural Engineering was utilized to 
perform the above calculations. Subtracting the latent heat 
produced by the pigs from the latent component of the total 
heat load of the barn gave a reasonable approximation of how 
much sensible heat was converted to latent heat in 
evaporating water from wet surface areas within each barn 
(Table 5.4). Using this method, 20 and 21 percent of the 
total heat load was found to be used to evaporate water in 
the solid-floored barns, SO-1 and SO-2, respectively. For 


the slatted-floored barns, SL-1 and SL-2, the conversion of 
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sensible heat to latent heat caused by the evaporation of 
water was calculated to be 15 percent and 16 percent, 
respectively, of the total heat load of the pigs. 

The work of Bond et al. (1952,1959) are listed 
frequently in design and reference materials used in pig 
housing. The second method of finding the latent heat 
production of the pig was based on their data. 

Bond et al. (1952) noted that about 15 percent of the 
actual total heat production of the pig is latent heat while 


an additional 15 percent is converted to latent heat by 


Table 5.4 Comparisons of partitioned latent heat and 
total heat loads in each of the four barns 
monitored, as determined by each of 
two methods. 


Barn: SO=4 SG=2 Ske Sig-2 


Method 1: Bruce and Clark (1979) and Bruce (1980) 


Total Latent Heat (kKuJ/pig h) 224 257 163 136 
Pig Latent Heat (KJ/pig h) 74 Tih 85 69 
Floor Latent Heat (Ku/pig h) 150 180 78 67 
Floor Latent Heat/Total Heat O20 0.24 Otet 5 Ornaio 


Method: 2:.\=Bond- etoals (1952,;1959):: 
Total Latent Heat (ku/pig h) 224 257 163 136 


Pig Latent Heat (KJ/pig h) 128 195 93 66 
Floor Latent Heat (ku/pig h) 96 62 70 70 
Floor Latent Heat/Total Heat Omi O07 0.13 Oni 
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66 
evaporating water from the solid floors in a barn, doubling 
the latent heat load. Partitioning the total heat output 
from the pig according to data reported by Bond et al. 
(1959), the total latent heat output of the pigs again was 
determined. By subtraction, the amount of latent heat 
derived by evaporation of water was calculated. The amount 
of the total heat load resulting from evaporation of water 
from wet surfaces was established as 13, 7, 13, and 17 
pencent respectively, for barns SO-1,.'S0-2, Si-1; and Sl-2 
(Table 5.4). The figures do not appear to be as substantial 
nor as consistant as those derived using the information 
derived from the work of Bruce and Clark (1979), and Bruce 
(1980). 

The moisture load for an animal housing unit often is 
published as a quantity of water per animal housed. In this 
regard, Turnbull and Bird (1979), have indicated the 
moisture loss for a 54 kg pig for temperatures from 10° to 
S0;Cle-asivarying from /5.°to> 15467 pers pigs hour. for 
solid-floored barns and 67 to 154g per pig hour for 35 
percent slatted-floored units. Expressing the latent heat 
losses found in this study in similar terms (Table 5.4) 
showed a moisture loss less than that given by Turnbull and 
Bird (1979) for slatted-floored barns and values that 
approximately agree for the solid-floored barns. The 
solid-floored barns, SO-1 and SO-2, produced 89 and 104g of 
water per pig hour, respectively, while the slatted-floored 


barns, SL-1 and SL-2, produced 65 and 54g of water per pig 


67 


hour, respectively. 

As indicated by the relative humidity data for each of 
the four barns, ventilation rates could have been reduced 
without creating moisture problems under the prevailing 
conditions. Such a reduction would have reduced the heat 
loss due to ventilation and lowered supplemental heating 


requirements, with a subsequent saving in energy. 


5.3 The Effectiveness of Ventilation 

A static pressure differential of 3.2mm water gauge is 
recommended (Canadian Farm Building Code, 1977). In this 
study, barn SO-2 was found to be the only instance in which 
the average pressure differential even approached the 
recommended value. This finding was surprising, in view of 
the fact that all four of the barns were considered to be 
well above average in the quality of management. The failure 
to make the necessary fine-tuning to inlet openings to 
maintain a pressure differential at acceptable levels in 
three of the barns monitored probably is indictive of a 
common problem. This suggests that more emphasis must be 
placed on the subject at the extension level and/or the 
desirability of installing automatic controls on inlets as a 
means of overcoming the problem. 

Regardless of the problems found in the ventilating 
systems and the assorted types of systems in use, the 


average temperature within all four of the barns was found 
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TEMPERATURES AND VENTILATION - BARN SO-1 
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Figure 5.10 The ventilation rate and the resultant control 
of the ambient temperature compared to the outside 


temperature for barn SO-1. 
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Figure 5.11 The ventilation rate and the resultant control 
of the ambient temperature compared to the outside 


temperature for barn SO-2. 
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TEMPERATURES AND VENTILATION - BARN SL-1 
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Figure 5.12 The ventilation rate and the resultant control 
of the ambient temperature compared to the outside 


temperature for barn SL-1. 


70 


8 12 


4 
MG DRY AIR PER HOUR 


61 


rte 18 ad 7 OT Sh ba 


' 
; » ; 
‘ ee 
| i 
i) ‘ee i 
“i 
:? ’ i | | 
~* yi 
+ 


neg o a 
5 
y i q ' J | 
i é 
; 
| jhe 
= ve 
ee io Oma ee ea 7 : 
7 he 
a 
wo pa i 


é wh oee, ad 


‘eT eee ee *. 


hae 


2 °F tet wt gi ik 
an | 7 i wa . - 


, 
( 


Wi itose a) ; arg 
iy 3 oe: . 
ho ies ca te 


vip wartS : oe a 


» © 


a hil 7s 7 i : 
a ® vat : v 
; in —_ ; td 
7 7 
a 7 
y 40 


i 


TEMPERATURES AND VENTILATION - BARN SL-2 
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Figure 5.13 The ventilation rate and the resultant control 


of the ambient temperature compared to the outside 


temperature for barn SL-2. 
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to remain relatively stable. Although some temperature 
fluctuations within each barn were found, none were extreme. 
Figures 5.10 to 5.13 demonstrate how the ventilation system 
maintained the ambient temperature under changing outside 
environmental parameters. The fixed-speed fans in barn S0-2, 
provided a greater variation in the ventilation rate (Figure 
5.10), yet still managed to maintain a relatively stable 
inside temperature. The supplemental heating system (Figures 
5.1 to 5.4), overcame any heat deficit caused by the 
ventilation system satisfactorily in all four cases although 
the interlocking between the heating and ventilating system 
is probably not optimized in any of the four barns 
monitored. The supplemental heating system in barn SL-2, as 
discussed previously, was a case in point. 

Environmental control systems can work relatively 
effectively at maintaining steady-state conditions without a 
large capital expenditure on ‘gadgetry’. Without the 
advantage of humidity sensing and control, energy losses 
must be controlled by proper interlocking of controls and 
proper maintenence of equipment. Energy efficiency and 
inside conditions may be improved, but the improvement 
depends primarily on the awareness of the farm manager to 
the operation and adjustment of his control system and the 


interactions with the barn environmental and animal 


parameters. 
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Conc iusions 


Based on the results of this study, the following 


conclusions are drawn: 


ud 


The total heat output per pig hour was higher from the 
solid-floored than from the slatted-floored feeder 
barns, with values ranging from 417 to 843 kJ per pig 
hour for pigs of an average liveweight of 55 kg. 
Fluctuations in total heat output within a barn appeared 
to be due to changes in the level of pig activity. 
Approximately 30 percent of the total heat output per 
pig hour was ventilated in the form of latent heat in 
all four barns monitored. 

The actual conversion of sensible heat to latent heat 
was found to be 20 percent of the total animal heat load 
in the solid-floored barns and 15 to 16 percent in the 
slatted-floored units. 

Moisture production rates from all the barns monitored, 
ranged from 54 to 104 g/pig hour, with higher moisture 
loads in the solid-floored barns. 

Management practices appeared to play a significant role 
in determining heat and moisture loads in swine feeder 
barns. 

All four commercial barns monitored were found to have 
excessive ventilation rates for the prevailing 
conditions and, in the case of three barns, to be 


operating at undesirably low pressure differentials. 
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The total heat load of a swine barn per pig housed 
appeared to be inversely proportional to the stocking 
density. 

The varying types of ventilation control, inlet and 
exhaust systems used in the four barns monitored, 
successfully maintained the ambient temperature within a 
satisfactory range of the setpoint temperature. 
Management preference or lack of awareness determined 


the system settings and inefficiencies. 
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6. Recommendat ions 
The results of this study suggest that there are many 
factors that may influence heat and moisture loads in 
confinement swine housing. The identification of these 
factors and their interrelationships are not readily 
apparent under commercial conditions. Results for the four 
barns monitored indicate that management practices play an 
important role in determining the actual heat and moisture 
loads in a specific barn. The influence of these practices 
apparently is manifested through changes in animal activity 
patterns. Insufficient data pertaining to various practices 
are available at the present time to permit accurate 
estimates to be made for design purposes under all 
conditions. Further studies are required to quantify the 
affects of management practices on heat and moisture loads 
in swine housing. A co-ordinated program of controlled 
experimentation and monitoring of commercial operations is 


recommended. 
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8. Appendix A - Data Preparation 
Using barn SO-1 as an example, a listing of the data 
analysis procedure follows. 

The first step in analyzing the data was to mount the 
paper tape on the tape drive and read the data into a file. 
The computing system (MTS) commands to accomplish this are 
listed below: 

SEMOF IEE TOK 
$MOUNT PRO128 PTPR *PT* PARITY=NONE ‘PHONE CLARK 2745’ 
$COPY *PT* TO FILE 
$RELEASE *PT* 
$COMMENT NOW TAKE OFF BLANK LINES, TRANSMISSION ERRORS ETC. 
SEO LE: SET HEXADECIMAL=ON 
SED ie REmaCANW AE,’ 25'" 
Sette tere = CANV o/ Fy 00" 4 
SEDI TVEILES: SET HEXADEGIMNAL=OFF 
Reading the paper tape from the mobile laboratory required 
consist of changing the $MOUNT command to a command which 
would control the paper tape reader at the portable 
terminal. Each raw data file was about 2200 lines long. 
Each line of the raw data file consists of eight voltage 
readings. A sample of the data is listed: 

115003198534 007411376453 

099400389311 496651539543 


133004197533 007418389470 
208400391312 501657545539 


The first line of the raw data listed above consisted of 


the following voltage readings: 


17a SROR0S RUS 9830 56345 NOSES 4e 1 3616 48 
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9. Appendix B - Data Analysis 
The raw data were converted from voltage readings to actual 
units by a FORTRAN computer program available within the 
Department of Agricultural Engineering. The unique 
configuration of each barn monitored necessitated that the 
program change each time it was run. Each datum was read 
From the raw data file according to the organization and 
type of input as specified in a variable format file. The 
program and its associated format file were stored with the 
raw data on magnetic tape to preserve the data integrity of 
each barn monitored. 

Utilizing the computer, the data then were grouped into 
appropriate files, averaged, and the heat balance parameters 
calculated. The most pertinent averaged data are presented 
in Appendices C to G. The format file, followed by the 


computer program used to analyze the data from barn SQ-1 is 


listed: 

T Ruel: oul 2 OS: Ses 3 2Sas7 83 viii 

FAN NE SW OUT PDT FAN Bil) 

81617 | 8 -IDEW(1) 

B 16 748 °7 14 > ISEQ,NAN,NT,BAR 
UO SS 140 46 178 492021 10380313232 KS UG Ur era tN S 

TiO soe Oo ye o2024 1030816208 

fee ome AO Gone 20a t0s0S 13208 

fons. 2086 7892021103038 13235 


110 3 410 6 7 8 920211030313233 
70707070707070707070707070707070 
707070729982997599799973997 19976 
99749980997899869985998 199779970 


CO2-PPM NH3-PPM CCL eae 
TOT RAD WATT/M**2 DIR RAD WATT/M**2 
STANDARD/ 1000 DEWPOINT TEMP DEG C 


PRESSURE/100 IN H20 WIND DIR O-7 CLK 
WIND SREED K.P.H. 
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AIR SPEED FT/MIN TH THERMOCOUPLE F.P. 


TEMP AMP(C) DEG C 


150 
150 
150 
150 
150 
150 
3145 
Ss6 
Srey 
Stee 
Skee 
Sys 
3166 
SORES 
3156 
3144 
3158 
S153 
3143 
S15 
3136 
3148 
028 
287 
149 


BOO | 
150: 1 
oa 
PSG. 4 
150 1 
+50 
1987 
E235 
1985 
1984 
1982 
1984 
1983 
1982 
1939 
193/ 
1987 
1989 
1990 
1985 
1986 
1984 
ao 
340 
238 


iro, 60S 


OUT 
ATC 
TBS 
NCF 
NRF 
at 
SCE 
SWA 

SW 
ale 


NEA 
ATW 
NCT 
NCF 
SRF 
PEP 
EWA 
000 
WW 
53.4 


90 150 150 150 150 150 ;Length of thermistor 

SORTOO 150 750 t5001505 Wat bextension wire. 

50-7150 150 150° 150 150 

BORISOV ISOM5O0150 150 

SO tO0, 150) 150) 5021 So 

50 Bio0 L150:F 1509150 C156 

4976 1990 ‘Data for thermistor 

4980 1990 ;anemometers, ie., 

4970 1990 ;internal resistances, 

4980 1990 ‘Calibrattom constants. 

4960 1990 

4981 1990 

4999 2020 

4975 1990 

5035 1990 

5000 1990 

4987 1980 

5022 1990 

4970 1990 

4971 1980 

4967 1980 

4992 1980 
CSO S200 1 52-224 2a ose OO ZO eA ero 
1222 266 25252455 Soetoro SNe eee Gs V0 
S7On, SB4Ul266RN000*6S008s25 See Siopes4 252. 10 


509°7511°.530° 156487507 46475543 506 509 500 
535 .649.°499 543 483 556-540 508 488 480 482 0000 


NCA 
WAI 
SCT 
SCF 
SRF 
FWP 
NCE 
000 
NW 
10s 


Oe 9071807270; 
81 92108109110111 98 99112113114115 ;solar load data 


(PORV297344321501T49e58 | 1t6 


NWA .-SWA “SCA. SEA SEAN SD PEs iw ee 
WAO TBN ;Headings for output 

EWF EWF SWF SWF NWF NWF WWF WWF 
SCR NRE 

SWPet SWPP: eNER UNEP SeSEP reser NWEaceNWe 
FWP VOL 

SRO NWA NRO FWA NEF WWA SWF PFL 
NWF SBF 

EW SR NR 


O:. 160%, 20> 90270 VSO hoes 


COMPUTER PROGRAM MAIN FOR BARN SO-1: SPRING 1980. 
C 1/0 UNITS OBUJECTIVE=OBUECT 1=FORMAT 2=RAWDATA 
5=*MSOURCE* 6=OUTPUT 


C 
C 


i Doe 


ms ' 7 ens a: 
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NOTE: THIS PROGRAM IS UNIQUE TO THIS BARN. IT 
SHOULD BE USED ONLY BY THOSE THAT ARE 
FAMILIER WITH ITS (ESOTERIC) PURPOSE. 
SUBROUTINES MAY BE ADAPTABLE TO OTHER USES. 


DIMENSION ALL VARIABLES 


Oe Hane e lh Ga ac ee hy Sie ue Au ie) 
U(20, ae Se ee Gates eeu Rnan gy Oe se eoie nie ote 
DiDEW( | S17 DIS) | D215 )5 Dew Se Reem OU) 
COMMON yf (200,100) ,RES(200) ,ABK(32),.A2B(32) , A2K(32), 
Weene. 32), AC 30) .,BC1 30), NIP 
BOGECK EWE TS ttt 7 oe / 


READ FORMAT INFORMATION FROM FORMAT FILE AND TERMINAL 


BenOde yl OO Walia aa OMS) 
pom oon ee PUMP ON GR OFF? 120N; 2=PRESSURE DIFF: S=0FF 
READ(15 120) (BCI), T=1723)) 
By I ABEE? HEADINGS 
READ Ite 102) (TDEWR I), let, 15) 
IDEW: NUMBER OF DRY-BULB SENSORS ASSOCIATED WITH EACH 
DEWPOINT VALUE 
READ(1,103) ISEQ,NAN,NT,BAR 
NS=NAN*ISEQ+NT 
NUMBER OF ANALOG READINGS PER TEMPERATURE READING 
NO? cGFeANALOG INPUTS; NO. OF THERM.| BAROM. PRESS. 
READ (104) (KSIG( I), 124,NS) 
READ( IZ I07} CUCUT al) de Sh 2=1,94) 
ITH=NAN*ISEQ+1 
ITIM=4 
READ(1,108) (RES(1),1=ITH,NS) 
ASK FOR HOUR START 
WRITE(6, 109) 
READ(5,LISTIO) JH,UM 
LECGMTEO. 0) GOLTO 7 


READ IN INFORMATION FROM FORMAT FILE 


7 DOM VA = 1.716 
1 READ(1,110) A316(1),A2K(1),A5K(1),A2B(1) 
RESISTANCE FOR EACH THERMISTOR; 

READ (GMS. ) (60 PBC 
CALIBRATION CONSTANTS 

READ(H 107) ((OUKID) 7K=1, 20) (1-176) 
TABLE HEADINGS 
INITIALIZE VARIABLES 


Hoe ai=d 100 

Deer osv=ty 15 

RHC J, F)=020 

DeYa del se0. 0 
a X(d) =u 

Pome ser=10100 

pore sed=1,200 
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37 tad to) =0.20 

Bers0  T=1.,9 

NN=I*16 

BENS: LEANN} SG0.1Oet0 
30 CONTINUE 


C 
. READ ALL DATA FROM RAW DATAFILE 


POS) ~4.-TSET=1, 100 

SReEGDik2 71d t ENDS85 P(E TaRSE pe eT RNS) 
Ceset CLOCK. TIME 

Selige! =LSET=4 


IHA(1)=JH 

THT (1)=ITHA(1) 

MT(1)=ISEQ*ITIM 

IF(MT(1).GE.60) IHT(1)=JH+1 

IF(MT(1).GE.60) MT(1)=MT(1}-60 

DUS O AME 2 SE SET 

TRACE = DBAGI=1) 41 

Tap CDP STHT el sh) 

MT(1)=MT(1-1)+MT(1) 

TRUM DGLIOGE.6O) (RADE SIai NT yet 

IF(MT(1).GE.60) MT(1)=MT(1I)-60 

LERCAE eb PiGo24) INT )=tHECL 24 

DEPLHA GI) -GT O24. RIHAVE) =THAt I ia2a 
6 CONTINUE 

JJ=0 

L=JUM/4 

LST ARHGO 

DOi cS KeISTA,ISET 

DO 9 J=1,NS 

WYRE (U.K) 

I=KSIG(u) 


PecdrGe f1 TH) IGGalO 6S 
C CALL APPROPRIATE SUBROUTINE TO CONNECT VOLTAGE TO 
C MEANINGFUL VALUE 
JJ=Jdut] 
IF(dJu.GT.NAN) uu=1 
Cod SEOTIVOLSLeI 
Cree Oe) ele 
eK Hs CE Goes h0225) 7/799 
(REO. TIGRRETEO S2OR AaeO SeURe Ie COMG eGUa Oo 
(DBE (S70 G0 10768 


12 
(ity EAC EOe 1.) ~GOLT Opel 


GORA. EOh2)- GOO Ri2 


“GE..20 sAND Ge SEE G27) CALESTAMEN 
“GE 30 AND 4ESEE S59 CAL ESATRSP 
oe 


12 ie 
U 
biGewoGsAND le: CALL FLUXE 
(] 
(] 
(I 


—_ — HH 
—mHr4I~ 


KG TO) CARL GREUXR i OK NS? 
.EQ.70) CALL TEM(uJ,K,NS) 


IF 
lide 
OSmEE 
LF 
EE (13G1210) *GO71Og 
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ato 
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Takes 


a ee 


C CQ2 
oF 


C NH3 
OZ 


ee: 


Etu Kis 


E(Ju,K) 
GO TO 


Lille Osy O43 509 00m eS aoOmG dal 


(U,K)*200./6.8 


m ‘om C6 O1 


=E(JU,K)*3.15*1000. 
9 


C DEWPOINT AND RELATIVE HUMIDITY 
SOE RUKH 15037 *E td KR) meen 


IB=IDEW 
XT=(E(N 
R=ALOG( 
TEMP=.2 


is 7958 


DRY(E,K 
BARO=BA 
DP=E(u, 
LEEDP SL 
Rt Pre 
BCDe=G 
W=.622* 
DP=DRY ( 
imLD Pak 
PEC DRE 
PEC DP SG 
WS=.622 
UU=W/WS 
IF (UU.G 


RH(L,K)= 


Gory 0 


seed 

S,K)- a Ke 0187 0. 
E(IB,K)*1870,*100000./XT-7.0) 
n9099055D- 6* (R**3)+,2758512252D-3*R+ 
8514D-2 
)=(1.0/TEMP-273.16)*1.8+32.0 
ROE EES 

K 

teo207 0) DP=-2050 

TESQUIPCALE. PICE (DP PW) 
E.32.) CALL PH20(DP, Pw) 

Pw/ (BARO-PwW) 

pK) 

T= 2050) DP==20 20 

163257 CALL PICE(DP PW) 
E.32.) CALL PH20(DP, Pw) 

*PW/ (BARO-PW) 


Tae) UUEAe 0 
(10072*UU) /(1.=((1.-UU)*( PW/BARO))) 


9 


C PRESSURE DIFFERENTIAL 


of 


E(JU,K)= 
GO210 


(Eddy K) 3 300i 1 avOUe 
9 


C WIND DIRECTION AND WIND SPEED 


58 


oe 0.0 


2.94) Z=(2.94-Z)/1.44*90.+270:- 
4.38) Z=(4.38-Z)/1.44*90.4+180. 
Beis fee WOR TS len ote Oso oe Oram 
£6, 30) ZS(Gerc0 = 27 Ce on UR 
Z)/57.3 
COS (Z)*E(U+1,K)*2.5*8.0/5.0 
Ele Ky e204 Gayo: 


0.019% (XX**2)+0.2066*XX+0.0212)*10000. 


89 


Cae. £9 
E(uU,K)=0.0 
CONTINUE 
CONTINUE 

DO 17 Il=1,NAN 
I=KSIG(I1) 


BeeLeeO. 10) GO TO°t7 


a 
( 
( 
( 
( 


44 e Ee 
min atom emtalanr int 
eet eH Fe Fo 


SE QO. GO. iO 


21 


C 
G PwWRITE HEADINGS FOR TABLES 
C 


20 


GOTO y27 
GOs Ge 26 
GO O20 


ve Qro ORT EO. 4 °0Ry Lae G@eGcOR le EO so GOs Oens 
AGES CUMAND. DLE L273 
GET OOWAND. 1. LET6 9) 
PGE) SOAAND.. Teal bi259) 


Neeme cone) (CCl). deiaa es Tabla cd ican 


GUSTO 122 
TSP=1-29 


WeecOn iS i (CUE) eJd=d gon USPari tu) = lo, 


oven O. 22 
WRITE(6,114) (X(Jd 
GOPTO 22 


POEs 


15) 


WRITE (6) 1159) (CCISO} a1) Soe] Teeueu= bel 5s 
(X(uU),J=1, 15) 


GOMG 22 


Wie 6, 115). (C1, 23 ees Sie Ee 


GOR EO 22 


Whme(Ol 115) (Chi2hu) puede 5) ie 


LS=roPPOEO 


~C ORGANIZE MORE OUTPUT 


24 


DURZS Mad ISET (TS 
MM=(M-1)/1S+1 

K=0 

PSi=tSt+Me4 

DO 24 I=M,IST 

DO 24 J=1,I1SEQ 
N=J*NAN-NAN 

K=K+ 1 


CONT INUE 


Ce OUTRO) 


Zo 
a 


WRITE(6, 11 
RECT BO..6 
Wei lee fale hls 
CONTINUE 
CONTINUE 


a HA ( 
) 


CALL SOLAR(NAN,1SET, JH) 


IX=ITH 

ee Cale 

BE RZOMLU= 1),.6 
WRITE(6,118) (UI 
TRL Y AG le NEPA dy 
DOE26 Shad SEN: 


CARO, 


J=1,15) 


© ie, tal a 
_ : | This ea 7 
ee / 


WRITE(6, 119) THT(1) .MI(1). CEG) Tii=IX. Ty) 
26 CONTINUE 
PECTYSEQINTP) GOTO 199 
LY=1Y+16 
TX=IX+16 
25 CONTINUE 
199 CONTINUE 
C FORMAT STATEMENTS 
31 FORMAT(12F5.3) 
100 FORMAT(15F2.0) 
102 FORMAT (1512) 
103 FORMAT(313,F4.0) 
104 FORMAT(1612) 
105 FORMAT(20F3. ~ 
106 FORMAT(25F3.2) 
107 FORMAT (20A4) 
108 FORMAT(16F4.2) 
109 FORMAT(’ ENTER TIME (HR, MIN)’ ) 
110 FORMAT (E4.1/3F5.0,F302,F3.3) 
111 FORMAT(4F3.2,3X,4F3.2) 
112 FORMAT(’ 1’ ,//,5X,5A4,15,20X,’ SAMPLING LOCATION’ , 
1/4X,' HOURS’ ,23A4) 
113 FORMAT(’ 1‘,//,5X,5A44,‘ AIR SPEED SENSOR’ ,15,4x, 
1’ FOUR MINUTE READINGS’ ,/,4X,’HOURS’ , 15F6.0) 
114 FORMAT(’ 1’ ,//,5X,’DEWPOINT/DRY BULB/REL HUM’ ,4Xx, 
1’ FOUR MINUTE’ ,’ READINGS’ ,/,4X,‘ HOURS’ , 15F6.0) 
115 FORMAT(’ 1',//,5X,5A44,15,20X,’ FOUR MINUTE READINGS’ 
1/’ HOURS’ , 15F6.0) 
117 FORMAT(9X, 15F6.0) 
116 FORMAT(4X,12,’:04’ , 15F6.0) 
118 FORMAT(’1’,//,20X,’ TEMPERATURE AND HEAT’, 
1’ FLUX READINGS ’, 
9/' HR MIN’ ,20A4) 
119 FORMAT(214,16F5.1) 
120 FORMAT(12A4) 
STOP 
DEBUG SUBCHK 
END 


C 
C VAPOUR PRESSURE ABOVE FREEZING 
C 


SUBROUTINE PH20(T, PP) 

OS Caen ol al Ae ee 

A=C+273.16 

T= 27391674 
P=10.**(10.79586*(1.-TT)+5.02808*AL0G10(TT)+ 
0 1.50474E-4* 

{tet eeHO#e(=8929692" (0.711) 1.) oe eOe a oS ERO et 102 e+ 
Hee GOS5+0Ne adn) 2 ee 9o9G) 

P=P*29.921 
RETURN 
END 


C 
C VAPOUR PRESSURE BELOW FREEZING 
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SUBROUTINE PICE(T,PP) 

@=(1532. )*(5./9%) 

A=C+273.16 

Ma 273°. 16/4 
P=10.**(-9,096936*(TT-1.)-3.56654*AL0G10(TT)+0.876817 
gle 7 1 1) 2.249508) 

PP=P*29.921 

RETURN 

END 


C CALCULATES TEMPERATURES FROM AMPLIFIER 


SUBROUTINE TAM 
COMMON E(200, 1 
TAs6(32),AC( 30 
DIMENSION A(8) 
DATA A/4.13,3. 
DATA B/26.. EL 
Daa 10 470-0 
L=I-19 
X=E(u,K)/A(L) 
Remi TONO-KILV9997 BU) Ay A980. tC) 7 5 
PERRO SO VOCORGR (GRE te0002 ek=2c0c: 

R=ALOG(R) 
TEMP=.209099055D-6*(R**3)+.2758512252D-3*R+ 
Pete 85895 t4D 32 

Btu Shs 1 ATEMP S27 3216 

RETURN 

END 
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Pa CALCUPATES (hURSPEEDS 


SUBROUTINE AIRSP(1,J,K) 
COMMON ee 100:}5 RES(200)); ASKi327FA28 (32 a2 327 
VAs ieCs2); C(30), BC(30),NTP 
DIMENSION *KAIR( 32) ,AS(32) ,KASN(32) 
C KAIR POSITION OF THERMISTOR RELATIVE TO AIRSPEED SENSOR 


DATARKALR/3) 3; a af 

DATABASS eA6% 23% 247052067167 

DATA KASN/15,17, 59, 20/ 
GelSPOSTBONEONSARS - AMP. 

bet-29 

PReU-KAIR (CL) 

LM=KASN(L) 

EIN=(AS(L)*A5K(L) /A2B( 

AMP=(15.00-EIN)/A316(L 

RR=EIN/AMP-1.5*4.6 

POW= Zee he 

RR 
‘Tews. 2080990550- 6* (R**3)+.2758512252D-3*R+ 
1379588514D-2 
tDRa 1 /TEMP-273. 16 
TAM=E(LL,K) 


) FE CUMK YY ACASKUL)/ Rok) 
)-EIN/A2K(L) 
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26 


fee ae 

=e K)=AC(LM) * te 
F(L.EQ, “4) EA 

ve Oe 0785S. a4 

RETURN 

END 


(POW/TDIF vs )) 
J,K)=(E(u,K Kare 2 Ko) PE Vile ae ay 


C CALCULATES HEAT FLUXES FROM THERMOPHILE PLATES 


SUBROUTINE =FLUAEUI WU, k) 

COMMON aa P00) ;-RES(QO0C) CASK (eo 2 eho e So hoki |S 
PABA OWS?) AC(30),BC(30) ,NTP 

DIMENSION A(8 ),B(8) 

DATA .A/20.0, He 0 MOO RO SO RO rO, OOO 0s 0r 0, 
DaTANB.OUOF0L0,0. 07070) OnGr 0 FORO 2080. 07 

k= h-59 

E(u, K)=(A(L)*E(JU,K)*3.14/4.0+B(L)) 

RETURN 

END 


C CALCULATES HEAT FLUXES FROM THERMISTOR HEAT FLUX PLATES 


SUBROUTINE FLUXR(1I,U,K,NS) 

COMMON E(200, 100) ,RES(200), ASK RCO) PAIR C27) hoki 
1A316(32) , AC( 30) ,BC( 30) NTP 

DIMENSION A(2 OV; Bi 20), C120) 

DAViRA (079670. 04 2230s 2e28 e- 2a UO glory 

ipo a0) Ordo, +4510," Us 57, Bk 49, U OUR 0:00; 1. Sons Gos 


ZU en ais Or, 0, 0.0/ 

DATA B/10.60,11.34,10.15,8.38,9.66,7.83, 10.36, 12.38, 
$90 339797555 49456 405) SoG. Cone aged 10m 32,0. 43,0 .00., 
29.69,9.44/ 

DEA RC Aaitie PET SAS Fes ee Eee ape 

1 eMart) Greed cuenta a 


E(M+NS,K 
IF(ABS(E 
NT=M+NS 
IF(NT.GT.NTP) NTP 
RETURN 

END 


C CALCULATES TEMPERATURE FROM THERMISTOR INPUT BOARD 
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SUBROUTINE TEM(J,K,NS) 
COMMON E(200, 100) ,RES(200) ,A5K(32) ,A2B(32) ,A2K(32), 
LEE ee Maan ois 
F(J.EQ.NS) RETURN 
(NS#K) = BUT) 01870: 
X.LE.0.0) X=200000. 


XElE 
BEM 
R=E(u, K)*1870.*100000./Xx 
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RT=R-RES(JU)*4.6 
IF(RT.GT.18000.0R.RT.LE.0.0) RT=1000. 
R=ALOG(RT) 
TEMP=.209099055D-6*(R**3)+.2758512252D-3*R+ 
Nai 95685 14D 42 

E(J,K)=1./TEMP-273. 16 

RETURN 

END 


C CALCULATE SOLAR LOAD ON BUILDING 


SUBROUTINE SOLAR(NAN, ISET, JH) 

COMMON E(200, 100) ,RES(200) ,A5K(32) ,A2B(32) ,A2K(32), 
14316(32) ,AC(30),BC(30) ,NTP 

DIMENSION $1(72),S2(72),WA(6) ,WT(6) 

READ(1,1) DAY,PLAT,PLONG 

READ(1,1) WA,WT 

1 FORMAT(12F5. 1) 

J=3 

M1=JU+2*NAN 

M2=J+3*NAN 

M3=U+4*NAN 

Doro 1=4 1SET,2 

S1(1)=(E(M1,1)+E(M 

S2(1)=(E(M1+1, Tee (WH oral 

DST=1 

IF (DAY.LT.120.0R.DAY.GT.304) DST=0 

W = 6.2832/366.0 

ET=0.0 +0.007*COS(W*D) -0.05*COS(2.0*W#D ) 

0 -0.0015*COS(3.0*W 

1*D) -0.122*SIN(W*D) -0.156*SIN(2.0*W*D) 

2 -0.005*SIN(3.0*W*D) | | 

DEC=0. 302-22.93*COS(W*D)-0.229*COS(2.0*W*D) 
0-0.243*COS(3.0*W*D 
1) +3.851*SIN(W*D) +0.002*SIN(2.0*W*D) -0.055* 
2S1N(3.0*W*D ) 

CC=0.0905-0.0410*COS (W*D)+0.0073*COS(2.0*W*D) 
1+0.0015*COS(3.0*W 
2*D)-0.0034*SIN(W*D)+0.0004*SIN(2.0*W*D)-0.0006 
3*SIN(3.0*W*D) 

DO 12 J=1,6 

TI=NTP+ud 

KK=(I-1)/3 

TIME=JUH+KK 

IF(TIME.GT.24.0) TIME=TIME-24.0 

HAD = 15.0*(TIME - 12.0 + 7.0 + ET - DST) - PLONG 

SINB=SIN( PLAT*W) *SIN(DEC*W) +COS (PLAT*W) *COS (DEC#W) 
1eCOS(HAD#W) 

ALT=ARSIN 
SAZARSIN( COS (DEC*W) *SIN(HAD*W) /COS(SALT*W) ) /W 


WSA=(WA(uJ)-SA) 
MAAS SALT#W)#COS (WSA*W)*SIN(WT (J) *W) +SIN(SALT#W) 


1*COS (WT (J) *W) 
COW=COS (WSA*W) 


2 EP TEANG hon seoee 
PENNS AIA) e/a. 0 


7 pe 8 
ce, eae te 
eer En 7 
4 = © Oi><3 
PS OO 4m 


Ica be ..0 70') “C=G 
GeeCOW. LE.000) C= 
DIR=C*S2(1) 
Bosal. 0-1 /06COS 
DIF=C*FSS*(S1i(T) 
ei Ghige tJ =DIR+DOF 
CONTINUE 
CONTINUE 
NTP=NTP+6 

RETURN 

END 


o5 


10. Appendix C - Data Summary 
A summary of the hourly mean data from the two solid-floored 
and two slatted-floored barns monitored for this study, 
including plotter scaling parameters, is listed. The 
following variables appear in the columns and their 
abreviations are defined as follows: 
TIME -The elapsed time in hours, starting with 


the actual time of the start of the data 
acquisition period. 


TEMPIN -The mean inside temperature, ‘F. 

TEMPOUT -The mean outside temperature, ‘F. 

SUPP -The mean supplemental heat input in 
thousands of BTU'’s per hour. 

CONDUCT -The mean conductive heat loss in thousands 
of BUS pen shoun. 

VENTLAT -The latent heat ventilated in thousands 
of BTUs per hour. 

VSEN -The sensible heat ventilated in thousands 
of BTU’s per hour. 

VENTMAS -The total weight of dry air ventilated 


every hour in thousands of pounds. 
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Barn SO-1: 
TIME TEMP 
16.0 65. 
14.0 64 
5.0 63 
1620 6 1 
Mis 0 6 1 
pomp) 60 
195.0 60 
20:,0 60 
PRO) 60 
22,0 59 
280 59 
24.0 59 
20.0 58 
26.0 58 
27.0 58 
28.,\0 58 
29.0 58 
Clem) 58 
au. 0 BS 
S270 58 
Sod 59 
34.0 59 
So. 0 59 
36.0 593 
B70 60 
66.0 6 1 
oo.0 6 1 
40.0 60 
41.0 60 
42.0 59 
43.0 59 
44.0 60 
650 59 
46.0 59 
47.0 58 
48.0 58 
49.0 58 
50.0 58 
5. 0 58 
Bed 58 
bon 0 58 
54.0 58 
Boe 0 58 
56.0 58 
Bi £0 60 
58.0 60 
59.0 60 
60.0 6 1 
PO nOtAae OU 

4.0 15 

AVERAGE 59. 
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Barn SO-2: 
TIME TEMPIN 
16.0 64.3 
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20.0 66.4 
ay 0 Goa 
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20.0 64.3 
24,0 67.0 
25.0 55.2 
26..0 66.25 
20 65.4 
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29.0 64.3 
Cie aae) So. 4 
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4320 65.4 
44.0 64.6 
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5.0 63.4 
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65.0 66.4 
1 SiO e380. 
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11. Appendix D - Mean Temperature Data 
The following data are mean temperature data for each 
of the four barns monitored. The column headers are 
defined as follows: 
TIME -The elapsed time in hours, starting with 


the actual time of the start of the data 
acquisition period. 


OUT -Gutside temperature, ‘C. 

MA bal -Mean attic temperature 

AMBI -Mean midheight air temperature, °C. 
FAN -Air temperature at the fan, °C. 


SUPPLEMEN -The two mean air temperatures of the 
heating system, ‘C. 


LOW -The mean air temperature one foot from the 
fitoor, 7G 

HIGH -The mean air temperature at the 
ceiling, ©. 

PHO -The output of an interior light sensor. 


The values are directly related to the 
intensity of the light in the barn. 
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Temperature data, degrees C. 
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12. Appendix E - Conductive Heat Loss Data 


The conductive heat loss data are presented in units 
of thousands of BTU’s. The column headings are 


defined as follows: 


GEE -The heat loss through the ceiling to 
the attic. 

Sd ba -The heat loss through the concrete sill 
on which the wall sits, where it exists. 

WALL -The heat loss through the wall. 

PER? -The heat loss through the three foot 


perimeter of the floor or estimated loss 
through the manure pits. 


FLOOR -Where floor heating does not exist, the 
heat loss through the floor. 

TOTAL -The total conductive heat loss from the 
building. 
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13. Appendix F - Supplemental Heat Data 


The supplemental heating data for each of the four barns 


monitored are listed. 


as follows: 
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WATER CIRCULATION 


14. Appendix G - Ambient Air Data 


To accurately assess the ventilating air heat and moisture 
content, the ambient air must be analyzed at each 

ventilation outlet of the respective barn. The conditions 
of the air as it passes through the fans are listed. The 


variables used as column headings are defined as follows: 


TEMP -The dry-bulb temperature as the air passes 
through the fan, degrees F. 

DP -The dewpoint of the air, degrees F. 

W -The humidity ratio of the air, pounds of 
water vapour per pound of dry air. 

H -The enthalpy of the air, BTU’s per pound 
OF 20ry £47. 

V -The specific volume of the air, cubic feet 


per pound of dry air. 


RH -Relative Humidity, %. 
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